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Chapter 1 
Introduction: immobilization 
of single-center catalysts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The major objective of immobilization of single-center catalysts is to merge their 
single-center characteristics (high activity, narrow molecular weight distribution, 
stereoselectivity)  with  the  advantages  of  supported  catalyst  technologies  (good 
morphology, high bulk density) for their implementation in gas-phase and slurry 
polymerization  processes.  In  this  introductory  chapter  the  techniques  used  to 
immobilize single-center olefin polymerization catalysts on a solid carrier will be 
discussed. Different approaches to generate well-defined supported systems and, 
thus, understand the effects of the immobilization process on catalyst performance 
will be presented. CHAPTER 1 
  2 
1.1   Introduction 
 
Single-center olefin polymerization catalysts have been known nearly as long as 
heterogeneous Ziegler-Natta systems.
1 Nevertheless, these soluble systems, based 
on  the  combination  of  Cp2TiCl2  with  an  alkyl  aluminum  complex
2  were  of  no 
commercial interest because of their low activities and tendency to decompose to 
inactive species. A major breakthrough came with Sinn and Kaminsky’s discovery
3 
that  traces  of  water
4  greatly  enhance  the  productivity  of  the  system 
Cp2ZrCl2/AlMe3 due to the formation of methylalumoxane (MAO) from partial 
hydrolysis of AlMe3. Since that time, group 4 metallocenes have been the subject 
of intensive research both in academia and industry.
5  
In  comparison  with  traditional  Ziegler-Natta  systems,  metallocenes  are  well-
defined,  single-center  catalysts.  Thus,  these  systems  can  produce  very  uniform 
polymers with narrow molecular weight distributions (Mw/Mn ≤ 2).
6 In addition, the 
ligand framework of these catalysts can be fine-tuned to control polymer properties 
such as molecular weight, polymer microstructure
7 and comonomer incorporation.
8 
However, despite these advantages, reactor fouling, and the formation of polymers 
having low bulk density and uncontrolled morphology are problems preventing the 
large scale use of homogeneous catalysts in polyolefin manufacture. 
Although  a  number  of  commercial,  solution-based  polymerization  processes 
exist  for  single-center  catalysts,
9  production  of  polyolefins  is  mainly  based  on 
slurry  and  gas-phase  processes
10  employing  traditional  heterogeneous  catalysts. 
These processes rely on solid catalyst particles forming morphologically uniform 
polymer particles of high density that do not disintegrate to form fines and do not 
adhere  to  the  interior  of  the  reactor  to  provide  good  reactor  operability.  Thus, 
homogeneous  polymerization  catalysts  need  to  be  heterogenized  on  a  support 
material  in  order  to  be  applied  in  existing  industrial  gas-phase  and  slurry 
processes.
11 The major objective of the heterogenization process is to merge the 
advantages  of  homogeneous  catalysts  (single-center,  high  activity,  polymer 
microstructure  control)  with  the  properties  of  supported  catalysts  technology
12 
(good morphology, negligible reactor fouling, high bulk density).  
 
1.2   Supported  single-center  olefin  polymerization 
catalysts 
 
One  of  the  first  attempts  to  heterogenize  soluble  metallocene  catalysts  was 
reported by Slotfeldt-Ellingsen
13 at the beginning of the 1980’s. Few years later, a 
supported  MAO/metallocene  catalyst  was  first  suggested  by  Kaminsky
14  and 
Sinn.
15 Since then, immobilization of single-center olefin polymerization catalysts 
on support materials has been the subject of extensive research.
9,11a,16  Introduction: immobilization of single-center catalysts 
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Efficient  application  of  supported  systems  in  existing  industrial  processes 
requires that (a) the catalyst is thoroughly fixed to the support to prevent leaching 
of  the  catalyst  into  solution
17  which  would  lead  to  reactor  fouling  in  slurry 
polymerization, (b) the activated species are homogeneously distributed throughout 
the support particle to facilitate particle fragmentation
18,
19 and prevent formation of 
fines  in  the  reactor,  (c)  the  homogeneous  catalyst  retains  its  single-center 
characteristics to produce tailor-made polymers,
5b (d) the supported catalyst shows 
high polymerization activity as observed in solution processes.
20  
 
1.2.1   Support materials 
 
Many studies dedicated to supported metallocenes indicated that the nature of 
the support and the technique used to immobilize the catalyst play an important 
role in the catalytic activity and in the final properties of the polymer resin.
12b,21 
Furthermore, studies on the morphology of the polymer indicated a direct relation 
between the polymer and support morphology
12c,12d  as the support provides not 
only a way to supply the catalyst into the reactor, but also serves as a template for 
growing polymer particles.
22 During polymerization, the particle shape is retained 
as the particle grows. This phenomenon is therefore referred to as replication, and 
the  particle  size  of  the  final  polymer  particle  may  be  20-50  times  that  of  the 
catalyst support. The most commonly used supports for single-center catalysts are 
magnesium chloride and silica.  
In the past years magnesium chloride, a widely used support for conventional 
Ziegler-Natta  catalysts,
23  has  been  investigated  as  a  carrier  for  single-center 
catalysts.  This  interest  partially  results  from  the  development  of  controlled-
morphology MgCl2 supports
24 prepared by rapid cooling of emulsions of molten 
MgCl2·nROH in mineral oil. Highly porous MgCl2 supports can be prepared by 
partial dealcoholysis of spherical particles of a MgCl2·3EtOH adduct. Subsequent 
reaction with AlR3 or MAO affords a cocatalyst that can be used in conjunction 
with single-center transition metal catalysts for olefin polymerization.
25 For various 
MgCl2-immobilized  transition  metal  catalysts,  activation  can  be  achieved  using 
simple  cocatalysts,  such  as  AlEt3  and  Al(i-Bu)3.  Supports  of  composition 
MgCl2/AlRn(OEt)3-n (R = Et, i-Bu) have been widely used in the absence of MAO 
or borate activators for the immobilization and activation of a range of early
26 and 
late
27  transition  metal  catalysts,  giving  polymers  with  narrow  molecular  weight 
distribution and spherical particle morphology. Examples of MgCl2-immobilized 
metallocenes activated with MAO as cocatalyst have also been reported.
28 Guan et 
al.
29 developed a method for preparing spherical MgCl2-supported MAO systems 
that, in combination with metallocenes, produce polymers with high bulk density 
and spherical morphology (Figure 1.1).  
 CHAPTER 1 
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Figure 1.1 SEM photographs of PE particles produced with MgCl2/MAO/glycerol 
and rac-Et(Ind)2ZrCl2.
29 
 
MgCl2 supports have the advantage of an easier fragmentation compared to silica 
supports,  facilitating  polymer  particle  growth  during  polymerization  and  better 
control  of  polymer  morphology.
30  Magnesium  chloride  has  also  been  used  in 
combination with silica support for the immobilization of Cp2MCl2 (M = Ti, Zr) 
giving polyethylene with molecular weight distribution significantly narrower than 
that obtained using silica alone.
31  
Amorphous  silica  is  by  far  the  most  common  support  used  in  the 
heterogenization  of  single-center  olefin  polymerization  catalysts,  as  it  has  high 
surface area and porosity, good mechanical properties and is stable and inert under 
reaction  and  processing  conditions.
32  Typical  polymerization  grade  silicas  are 
unmodified and fully hydroxylated forms that require thermal treatment to remove 
water and reduce the number of silanol groups on the surface. The properties of 
amorphous  silica  are  mainly  governed  by  the  chemistry  of  its  surface  and 
especially by the presence of the reactive silanol groups. The nature of the silanol 
groups has been investigated using several techniques.
32a,33 Three different types of 
hydroxyl groups can be distinguished depending on the dehydration temperature: 
(a) geminal (undehydrated silica), (b) vicinal (dehydrated silica at temperatures up 
to  600°C)  and  (c)  isolated  (dehydrated  silica  at  temperatures  above  600°C) 
(Scheme 1.1).
34  
 
 
Scheme 1.1 
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The  full  range  of  hydroxylated,  dehydroxylated  and  partially  dehydroxylated 
silicas  has  been  used  in  the  preparation  of  supported  single-center  olefin 
polymerization catalysts. Although some degree of thermal treatment is usually 
required  to  remove  residual  water  and  hydroxyl  groups,  the  exact  calcination 
temperature depends on several factors such as the polymerization process, the 
supporting technique,
35 and the cocatalyst and precatalyst combination.
36 Transition 
metal precatalysts are prone to react with surface hydroxyl groups in their vicinity 
via   -oxo  bonding  to  the  surface
37  resulting  in  inactive  olefin  polymerization 
species (Scheme 1.2).  
 
 
Scheme 1.2 
 
To  prevent  deactivation  of  these  supported  systems  by  reaction  with  silanol 
functionalities, it is common practice to chemically modify the silica surface with 
compounds  such  as  chlorosilanes,
38  alkoxysilane,
39  hexamethyldisilazane
39  and 
alkylaluminums.
40  Precontacting  a  calcined  silica  with  a  toluene  or  aliphatic 
hydrocarbon solution of MAO followed by washing, drying and reaction with an 
appropriate  catalyst  precursor  is  the  most  frequently  used  and  commercially 
available technique to immobilize single-center olefin polymerization catalysts.
41  
Although silica is the most widely used support, other materials as alumina,
42 
zeolites,
43 clays,
44 cyclodextrin
45 and polymers
46 have been investigated, but they 
are not yet commercially useful as they lack activities similar to the ones of silica 
supported systems.  
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1.2.2   Immobilization techniques on silica support 
 
The main methodologies for the immobilization of metallocenes on silica can be 
divided into three groups:
11a 
1.  direct immobilization of the catalyst precursor followed by reaction with a 
suitable activator; 
2.  immobilization of cocatalyst/precatalyst solutions; 
3.  direct immobilization of the cocatalyst followed by reaction with a suitable 
catalyst precursor. 
The  first  method  involves  the  immobilization  of  a  transition-metal  catalyst 
precursor  via  a  covalent  link  between  the  support  and  the  ancillary  ligand 
framework of the complex. In this way, the active species are firmly anchored to 
the support, preventing leaching of the catalyst during polymerization.
47  
The most common technique to tether single-center catalysts to supports is to 
construct all or part of the ancillary ligand set on the carrier, followed by reaction 
with a metal component. The carrier can be tethered through a substituent on the 
cyclopentadienyl ring
48 (Scheme 1.3, a), through a substituent on the bridge in 
ansa-metallocene  complexes
49  (Scheme  1.3,  b),  or  through  a  heteroatom, 
principally in mono(cyclopentadienyl) metal complexes
50 (Scheme 1.3, c) and non-
metallocene precatalysts.
51 Most of those supported systems are active in ethylene 
polymerization when used in combination with MAO, producing polymer resins 
with  narrow  molecular  weight  distribution.  Nevertheless,  the  disadvantage  of 
constructing a complex on a surface lays in the laborious catalyst synthesis and, in 
some cases, laborious purification procedure.
48f 
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Scheme 1.3 
 
An  alternative  method  to  a  tethered  precatalyst  is  to  deposit  a  complex 
containing a selective reactive group that targets a specific function on the support. 
Several  examples  of  silica-supported  metallocenes,
52  ansa-metallocenes,
53 
constrained  geometry  catalysts
54  and  late  transition  metal  catalysts
55  bearing 
reactive functional groups have been reported (Scheme 1.4).  
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Scheme 1.4 
 
Catalytic performances of such supported systems can be improved by using 
longer  tethers
38d,56  that  provide  higher  conformational  freedom  of  the  catalyst 
species,  favoring  monomer  uptake.  One  of  the  major  drawbacks  of  reactive 
tethering is the formation of reactive side products (e.g. alcohols and HCl) that can 
interfere with the metal center. In order to prevent this, the silica surface can be 
passivated with an alkylaluminum compound (e.g. TEA, MAO) and then reacted 
with a precatalyst bearing a protic functional group which leads to the formation of 
alkanes as side products.
57  
The second method of supporting single-center olefin polymerization catalysts is 
to combine a solution of MAO with the precatalyst prior to contact with the support 
material.  This  approach  has  been  used  by  workers  at  Hoechst
58  to  immobilize 
several stereoselective C2-symmetric ansa-metallocenes
59 on silica. Alternatively, 
the precatalyst can be contacted with a borate activator prior to contact with the 
support.
60 The main advantage of this method is that the number of active centers is 
maximized  by  activating  the  metal  center  in  solution  rather  than  in  the 
heterogeneous phase, where problems with diffusion and side reactions may occur. 
Appreciable  improvements  in  the  catalytic  performance  of  supported 
MAO/precatalyst solutions can be achieved by various modifications of the basic 
procedure.
61  Nevertheless,  the  major  advance  in  this  field  has  been  the 
development of the “incipient wetness” method, in which the volume of catalyst Introduction: immobilization of single-center catalysts 
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solution added equals the pore volume of the support.
62 This process requires a 
significantly  lower  amount  of  solvent  and  leads  to  an  improvement  in  particle 
morphology, as the catalyst mainly occupies the pores of the support rather than the 
surface.  
The third method to generate a supported single-center olefin polymerization 
catalyst  involves  the  direct  immobilization  of  the  cocatalyst  on  the  support, 
followed by reaction with a suitable catalyst precursor. Chemically tethering the 
cocatalyst instead of the precatalyst to the carrier allows for more flexibility in the 
choice of the metal complex while retaining some advantages of tethered catalysts 
(e.g.  ensuring  that  the  active  species  are  firmly  anchored  to  the  support  via  a 
covalent  bond).  Additionally,  the  use  of  known  precatalysts  provides  a  better 
comparison  to  the  homogeneous  systems,  as  tethered  precatalysts  are  usually 
sterically  and  electronically  different  from  their  homogeneous  counterparts. 
Supporting MAO first, followed by reaction with a metal complex, has been among 
the earliest methods used to prepare heterogeneous single-center polymerization 
catalysts.
63 It has been reported that a heat treatment of the MAO-modified silica 
during the immobilization procedure promotes the fixation of MAO to the solid 
carrier, resulting in improved catalyst performance in terms of catalytic activity and 
product morphology.
64 Supported MAO activators have also been generated in situ 
by hydrolysis of AlMe3 in the presence of hydrated silica,
65 resulting in more active 
systems than those prepared by direct absorption of MAO on the same hydrated 
support.  Because  of  their  remarkable  activation  properties  in  homogeneous 
systems,  immobilization  of  perfluorinated  boron  activators  has  also  been 
documented,  though  not  as  extensively  as  MAO-based  systems.  Commonly, 
perfluorinated  cocatalysts are anchored to the support  by  the  boron  component 
either via the boron atom
66 (grafted precatalysts, see section 1.3) or via a reactive 
tether
67  (tethered  precatalysts,  see  section  1.3).  Nevertheless,  immobilization  of 
borate activators has also been achieved via tethering of the cationic component to 
the carrier,
68 resulting in an ionic catalyst held to the surface only via electrostatic 
interactions.  Compared  to  MAO-activated  catalysts,  immobilization  of  these 
systems  is  more  problematic  as  they  are  prone  to  deactivation  by  adventitious 
impurities. Thus, a thermal and/or a chemical pretreatment with trialkylaluminum 
compounds,
65a,69  butyllithium
70  or  hexamethyldisilazene
71  to  pacify  the  silica 
surface is usually required to prevent catalyst deactivation.  
 
1.3   Perfluoroaryl group 13 cocatalysts 
 
Since its discovery MAO
72 has been the most commonly used cocatalyst for 
single-center  olefin  polymerization  catalysts.  However,  MAO  remains  an 
ill-defined material which has to be used in substantial excess to achieve adequate CHAPTER 1 
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catalyst  performance,
73  thus  preventing  the  full  characterization  of  the  active 
species.  The  discovery  of  perfluoroaryl  boron-based  activators  such  as 
B(C6F)3,
47a,74  [R3NH][B(C6F5)4]
75  and  [CPh3][B(C6F5)4]
76  led  to  catalysts  which 
were comprehensively characterizable and had activities comparable to those of 
their MAO-activated counterparts despite requiring only a stoichiometric amount 
of cocatalyst.  
Thus,  the  remarkable  activation  properties  in  conjunction  with  their  discrete 
nature  raised  the  academic  and  industrial  interest  for  the  development  of  the 
corresponding supported species. In general, supported perfluorinated boron-based 
cocatalysts can be divided in three groups: grafted, physisorbed and tethered.  
 
1.3.1   Grafted boron-based cocatalysts 
 
Grafted perfluorinated boron compounds are supported cocatalysts chemically 
linked to the carrier via the boron atom. The surface silanol groups of silica and 
alumina can be used in the reaction with bis
77,78- or tris(pentafluorophenyl)boranes 
to obtain supported ionic activators. Walzer
79 reported that interaction of B(C6F5)3 
with surface silanol groups afforded a Brønsted acid capable of activating group 4 
metallocene precatalysts (scheme 1.5). 
 
 
Scheme 1.5 
 
NMR  spectroscopy  studies
77  on  the  interaction  of  B(C6F5)3  with  silica  and 
alumina  revealed  that  the  reaction  is  reversible  as  the  Brønsted  acid  1.1  is  in 
equilibrium with free borane and silica.  
In the presence of a catalyst precursor, this may lead to the preferential formation 
of  the  soluble  species  [LnMMe][MeB(C6F5)3]  which  is  subject  to  leaching  by 
washing  with  toluene  during  the  synthesis.  This  will  result  in  significant 
polymerization activity loss.
47a To overcome this problem, reaction of the Brønsted 
acid  1.1  with  either  tertiary  amines
79,80  or  trityl  chloride
81  to  obtain  the 
corresponding  borate  salts  has  been  proposed.  The  salts  of  these  silica-bound 
anions  are  reported  to  behave  much  like  their  homogeneous  counterparts Introduction: immobilization of single-center catalysts 
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[X][B(C6F5)4] (X = CPh3, R3NH) and have been successfully used in conjunction 
with several dialkylmetallocenes to homo- and copolymerize ethylene in slurry and 
gas-phase processes.
80 However, the main limitation of this supporting method is 
that the optimum catalyst loading is equivalent to the number of surface hydroxyl 
groups. A lower borate load might result in less active systems, as free hydroxyl 
groups may interfere with the metallocene cation. 
 
1.3.2   Physisorbed boron-based cocatalysts 
 
There are three main protocols to physisorb boron-based activators on a pacified 
silica surface. These procedures differ in their order of addition, with either the 
dialkyl catalyst precursor
60a or the boron cocatalyst
60a,82 or a solution of the two
60b, 
being contacted initially with the pacified surface of the support. In these systems, 
the active species are associated with the support only via electrostatic or van der 
Waals interactions, which may increase the chances of leaching. Thus, the polarity 
of the solvent and polymerization medium is of critical importance. One of the 
main  disadvantages  of  those  supported  systems  is  their  limited  storage  and 
polymerization stability. This is mainly related to the highly electrophilic character 
of  the  metallocenium  cation  and  high  sensitivity  of  metal  dialkyl  precursors. 
Alternative procedures in which the immobilized ionic catalyst is formed in situ by 
contacting a mixture of dichloride precatalyst and anilinium borate with a pacified 
surface  have  been  reported.
60a,83  These  systems  show  a  higher  storage  and 
polymerization  stability  than  those  generated  by  the  corresponding  dialkyl 
precursor.  
 
1.3.3   Tethered boron-based cocatalysts 
 
Tethered perfluorinated boron compounds are supported cocatalysts chemically 
linked to the carrier via a reactive tether. Tethering the cocatalyst to the support 
represents  a  much  more  flexible  approach  than  tethering  the  precatalyst,  as  it 
allows  the  use  of  various  precatalysts  for  a  single  support  preparation,  while 
retaining some of the advantages of chemically tethered catalysts. As one of the 
great concerns in supported catalysts is maintaining good morphology and narrow 
particle size distribution in the polymer resins, covalently binding of the activator 
to the support is a way to prevent leaching of the activated species into solution and 
subsequent reactor fouling.  
Although supported MAO systems have been the subject of extensive research in 
both academia and industry, in the last decade a number of patents on tethered 
borate activators have appeared. Commonly, perfluorinated borates are anchored to 
the  support  via  a  para-substituted  phenyl  moiety  bearing  a  reactive  functional CHAPTER 1 
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group. Pacification of the polar support with a silane,
69a alkylaluminum
67b or MAO 
is necessary to prevent deactivation of the activated species and, additionally, to 
create  an  anchoring  point  for  the  borate.  The  reaction  of  a  borate 
[NR
1R
2R
3H][ArB(C6F5)3]  (R
1,  R
2,  R
3 = alkyl,  Ar = hydroxyl,  amino  or  silyl 
substituted  aryl)  with  a  pacified  silica  support  releases  innocuous  and  gaseous 
byproducts, providing an elegant and effective immobilization procedure.  
Borates containing a hydroxyl group are probably the most widespread examples 
of tethered borates. The first example of this procedure was reported by Carnahan 
and  coworkers.
67a  They  described  the  immobilization  of 
[HNMe2Ph][4-HOC6H4B(C6F5)3]  on  a  silane-modified  silica,  resulting  in  a 
supported  cocatalyst  capable of  activating  several metallocenes  and  constrained 
geometry precatalysts (Scheme 1.6).  
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Scheme 1.6 
 
Jacobsen and coworkers at Dow successfully supported a similar ammonium 
borate [Et3NH][HOC6H4B(C6F5)3] on Al-modified silica, passified with an alkyl 
aluminum  compound  or MAO.
67b  A  major  drawback  for  the  immobilization  of 
these species is the limited solubility of the borate in apolar solvents compatible 
with  the  Al-modified  silica.  However,  the  solubility  of  borate  salts  could  be 
improved by using ammonium cations derived from long-chain amines.
84 
 
1.4   Well-defined active sites 
 
Homogeneous  single-center  olefin  polymerization  catalysts  are  well-defined 
systems that can be fine-tuned to produce polymer resins with specific properties. 
However,  immobilization  of  a  single-center  catalyst  can  dramatically  alter  its Introduction: immobilization of single-center catalysts 
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properties and polymerization performance when compared to the corresponding 
unsupported  species.  Therefore,  a  thorough  understanding  of  the  molecular 
structure  of  supported  catalysts  and interactions  of  catalyst  precursors  with the 
surface  during  the  immobilization  and  activation  steps  are  required. 
Comprehensive  characterization  of  the  supported  catalytically  active  species  is 
considerably hampered by the heterogeneous nature of these systems. Thus, to gain 
a better understanding of the mechanisms and interactions at work on the surface 
and  their  effects  on  catalyst  performance,  different  approaches  based  on 
heterogeneous
85  and  homogeneous
86  model  systems  and  determination  of 
polymerization kinetics
87 have been developed.  
Marks  and  coworkers  extensively  studied  the  adsorption  of  well-defined 
organoactinide and organozirconium precursors on various inorganic oxides, using 
an  integrated  chemical/spectroscopic  approach.
85d,88  Based  on  solid  state 
13C 
CPMAS NMR studies, “cation like” species with spectral features comparable to 
homogeneous analogues were identified as catalytically active species in ethylene 
polymerization.  Three  major  adsorptive  pathways  for  metallocenes  were 
established depending on the type of support.
89 On strong Lewis acidic supports 
(e.g.  dehydroxylated  or  partially  dehydroxylated  γ-alumina,  MgCl2)  alkyl  anion 
abstraction led to catalyst systems with increased polymerization activity related to 
the number of Lewis acid sites and their acid strength (Scheme 1.7, a). Adsorption 
of  a  metallocene  on  weakly  Brønsted  acidic  surfaces  produced  inactive   -oxo 
structures  via  alkyl  protonolysis  (Scheme  1.7,  b).  Chemisorption  of  metal 
hydrocarbyl on highly Brønsted acidic supports (e.g. sulfated zirconia and sulfated 
alumina)  resulted  in  the  formation  of  highly  electrophilic  supported  cationic 
species (Scheme 1.7, c).  
 
 
Scheme 1.7 CHAPTER 1 
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A comprehensive investigation of the interactions of various zirconocene alkyl 
complexes with silica and alumina surfaces has been carried out by Basset et al.,
90 
using  the  SOMC  (surface  organometallic  chemistry)  approach.  Combination  of 
spectroscopic techniques (IR, multinuclear solid state NMR, EXAFS), gas-phase 
and elemental analysis and labeling experiments has led to the isolation of well-
defined  supported  species  and  contributed  to  probe  the  relationship  between 
catalyst structure and polymerization activity. Controlled grafting of zirconocene 
and half-sandwich zirconium alkyl complexes resulted in the formation of several 
neutral and cationic surface organometallic complexes, depending on the Lewis 
acidity of the support (Scheme 1.8).
86a  
 
 
Scheme 1.8 
 
Accordingly,  ethylene  homopolymerization  activity  appeared  to  be  directly 
related to the number and strength of surface Lewis acid sites. When grafted on 
silica,  the  zirconium  complexes  did  not  show  any  polymerization  activity  as Introduction: immobilization of single-center catalysts 
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expected  for  analogous  neutral  homogeneous  complexes,  while  grafting  on  an 
alumina surface resulted in the formation of cationic species that exhibited some 
polymerization  activity.  Increased  activity  was  observed  upon  addition  of  a 
cocatalyst (MAO or B(C6F5)3) and was attributed to the increased concentration of 
cationic zirconium complexes. However, the polymerization activity remained very 
low in comparison to analogous homogeneous systems. This was attributed to the 
steric nature of the support, which may restrict monomer coordination, or to the 
reduced  electrophilicity  of  the  Zr  centers  resulting  from  π-donation  of  the 
aluminoxy or siloxy ligands to the metal center.
90a 
Several homogeneous model systems have been developed that mimic inorganic 
supports and supported catalysts. Although various ligand systems have been used 
as  homogeneous  models  for  silica  surfaces,
91  incompletely  condensed 
silsesquioxanes
92 are probably the most realistic structural models for silica silanol 
sites. The major advantage is related to their homogeneous nature, as a number of 
complexes that possibly represent different surface sites can be isolated and fully 
characterized. A number of group 4 metallasilsesquioxanes have been synthesized, 
representative of silica-grafted (half)-sandwich complexes (Scheme 1.9).
93  
 
 
Scheme 1.9 
 
With these model supports important features such as the reactivity and stability 
of  metal-siloxy  bonds  in  the  presence  of  a  cocatalyst  can  be  studied. 
Silsesquioxanes 1.2 and 1.3 form active ethylene polymerization catalysts upon CHAPTER 1 
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activation with MAO as a result of the MAO-induced M-O (M = Ti, Zr, Hf) bond 
cleavage.
93a Titanium silsesquioxanes 1.4 and 1.5 are generated by activation with 
boron-based  cocatalysts,  e.g.  B(C6F5)3  or  [X][B(C6F5)4]  (X = Ph3C,  Me2PhNH), 
affording active catalysts for ethylene and 1-hexene polymerization.
93b,c 
For silica-supported metallocenes generated by reaction of the catalyst precursor 
with the support pretreated with the cocatalyst, the interaction of the latter with the 
carrier  is  of  great  importance  as  it  will  determine  the  possibility  of  catalyst 
leaching. Although MAO is the most commonly used cocatalyst, no model studies 
on silica-supported MAO have been reported, which is not surprising since both 
amorphous silica and MAO are poorly defined. On the other hand, silsesquioxanes 
have been used to mimic the interaction of partially dehydroxylated silica with 
trimethylaluminum. A number of methyl aluminosilsesquioxanes were synthesized 
and structurally characterized (Scheme 1.10).
93c,94  
 
 
Scheme 1.10 
 
However, these aluminum species are not suitable models for Lewis acidic Al 
centers  on  pacified  silica  surfaces  because  they  dimerize  to  give  electronically 
saturated aluminum centers which are not sufficiently Lewis acidic to generate 
metallocene cations via alkyl abstraction.
93a,94a Introduction: immobilization of single-center catalysts 
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As  boranes  and  borates  have  also  been  supported  and  used  as  cocatalysts, 
representative silsesquioxane model systems have been synthesized.
95 However, 
these systems appear to be unstable towards zirconium alkyl species. Reaction of 
silsesquioxane-borato species with a zirconocene precatalyst inevitably resulted in 
a  rapid  cleavage  of  the  B-O  bond  and  formation  of  a  Zr-O  bond,  affording  a 
completely inactive catalyst system (Scheme 1.11).
95 Thus, the lability of the B-O 
bond makes the silsesquioxane-based boranes and borates unsuitable as cocatalysts. 
As silica-grafted borates can be used as efficient activators to produce polymers 
with  good  particle  morphology
66b,77,78,79,80b  it  is  not  completely  clear  whether 
silsesquioxane-borate  species  are  reliable  models  for  the  corresponding  silica-
supported activators. 
 
 
Scheme 1.11 
 
Although  silsesquioxanes  represent  a  versatile  tool  to  better  understand 
processes occurring on the support surface, their mobility in solution allows them 
to  undergo  consecutive  reactions  affording  thermodynamically  stable  (often 
inactive)  complexes,  which  is  not  possible  for  the  silica-supported  systems  for 
which they were intended to serve as a model.  
 CHAPTER 1 
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1.5   Quantification of active sites 
 
Although heterogeneous Ziegler-Natta (ZN) catalysts
96 have been widely applied 
in industrial polyolefin production, several aspects concerning the amount and type 
of active sites and polymerization mechanisms have remained controversial.  
In the mid 80’s Terano and coworkers
87 developed a stopped-flow technique to 
evaluate the kinetic parameters of propene polymerization promoted by MgCl2-
supported  Ziegler-Natta  catalysts.  The  basic  stopped-flow  system  is  shown 
schematically in Figure 1.2. 
 
 
Figure  1.2  Stopped-flow  polymerization  apparatus.  A)  catalyst  suspension;  B) 
cocatalyst solution; C) ethanol/HCl solution; D) Teflon tube; a) three-necked joint; 
b) end of Teflon tube.
97 
 
The two flasks A and B are equipped with water jackets for temperature control 
and magnetic stirring. They contain equal volumes of a catalyst suspension (A) and 
cocatalyst solution (B), both saturated with monomer (e.g. propene). After reaching 
stationary conditions, both solutions are forced to flow through a Teflon tube (D) to 
the T-junction a, where they mix. The polymerization takes place between a and b, 
at which point the reaction mixture is quenched (C) and the polymer collected for 
further analysis. In order to obtain accurate results (a) the time for the formation of 
the active sites should occur instantaneously and should be negligible compared 
with polymerization time, (b) monomer conversion should be kept below 10% to Introduction: immobilization of single-center catalysts 
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avoid  variation  in  temperature  and  monomer  concentration,  (c)  polymerization 
should be stopped completely to avoid undesired side reactions. 
Based on this method, the polymerization is performed over a very short period 
of time (ca 0.2 s), during which the states of the active sites are constant and 
deactivation and chain transfer reactions are negligible, indicating a quasi-living 
polymerization state. Therefore, the data from the resulting polymer can be directly 
correlated with the number of the active sites
98 and used to determine the rate 
constant of propagation (kp) and the concentration of the active polymerization 
centers ([C*]).
97 Considering that the initial stage of the polymerization is directly 
observed, the [C*] and kp can accurately reflect the intrinsic properties of the active 
sites immediately after their formation, whereas kinetic parameters obtained by 
other methods
99 also account for catalyst deactivation, chain transfer reactions and 
fragmentation of the catalyst particles.  
Since  its  development,  the  stopped  flow  technique  has  been  proven  to  be  a 
valuable method to investigate several aspects of heterogeneous ZN catalysts such 
as the effect of catalyst particle fragmentation on the nature of active sites
98 as well 
as  the  influence  of  different  cocatalysts
100  and  electron  donors
101  on  the 
isospecificity of active sites.  
A  modified  stopped-flow  polymerization  system  has  been  more  recently 
developed by Terano et al. to evaluate the effect of monomer pressure in ZN olefin 
polymerization
102 and to synthesize novel olefin block copolymers.
103 
Thus, the development of a method to determine the number and nature of the 
active centers and study the polymerization kinetics should help optimizing catalyst 
design and performances. 
 
1.6   Outline of the thesis 
 
As indicated above, at present there is considerable academic and commercial 
interest in the immobilization of homogeneous olefin polymerization catalysts. The 
goal is to marry the advantages of homogeneous systems (well-defined, single-
center, high control of polymer microstructure) with the technological advantages 
of heterogeneous systems (good polymer morphology control, no reactor fouling, 
high polymer bulk density). While many approaches to address this issue have 
been taken, little information is available on the nature, stability and reactivity of 
the active species on the support. 
The work described in this thesis is aimed at the development of a methodology 
that allows one to quantify and study the stability of supported single-center olefin 
polymerization catalysts using standard NMR spectroscopy techniques. A readily 
reproducible  and  quantifiable  procedure  has  been  developed  to  prepare  well-
defined  tethered  fluorinated  borate  anions.  These  functionalized  supports,  in CHAPTER 1 
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conjunction  with  an  olefinic  trapping  agent
104  to  capture  catalytically  active 
species, provide a good platform for the detailed study of the reactivity and shelf-
life of immobilized early transition-metal catalysts for olefin polymerization.  
In Chapter 2, detailed solution studies on the reactivity of perfluoroaryl boron-
based  activators  with  trialkylaluminum  compounds  (used  as  scavengers  for  the 
silica  surface)  are  presented  to  evaluate  possible  borate  anion  degradation  by 
substituent scrambling between B and Al. Based on these results, a protocol is 
defined  to  prepare  a  well-defined  and  quantified  silica  support  with  a  specific 
coverage  of  Al-isobutyl  functionalities  and  tethered  trialkylammonium  salts  of 
fluorinated  borates  that  has  sufficient  stability  to  be  used  at  normal  operating 
temperatures for supported olefin polymerization catalysts.  
In  Chapter  3  a  novel  strategy  to  quantify  supported  olefin  polymerization 
catalysts  is  presented  using  standard  NMR  spectroscopy  techniques. 
Immobilization  of  Cp
*
2ZrMe2  (used  as  a  model  system)  on  Al/borate-modified 
silica in combination with the olefinic trapping agent allyl methylthioether (AMT), 
results  in  quantitative  formation  of  a  stable  five-membered  chelate 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+.  Quantitative  desorption  of  the  activated  Zr 
complex  by  addition  of  a  nucleophile  (n-Bu4NBr)  provides  quantification  and 
identification of the supported species by NMR spectroscopy.  
Although species trapped with AMT are inactive for olefin polymerization, this 
approach  is  well-suited  to  study  the  immobilization  of  cationic  zirconocene 
catalysts  and  their  behavior  on  silica.  Chapter  4  addresses  the  stability  and 
reactivity of Cp
*
2ZrMe2 toward [Et3NH]
+ and [Me2PhNH]
+ borate activators on 
silica and in solution. Interestingly, the stability of the activated cationic species 
[Cp
*
2ZrMe]
+ is strictly related to the nature of the ammonium counterion and the 
solvent.  Activation  of  Cp
*
2ZrMe2  with  [HNR
1R
2R
3][B(C6F5)4]  (R
1=R
2=R
3=Et; 
R
1=R
2=Me, R
3=Ph) in both polar (C6D5Br) and apolar (C6D6) solvents results in the 
rapid decomposition of the cationic zirconocene complex [Cp
*
2ZrMe]
+ via C-H 
bond activation processes.  
In  order  to  generate  a  well-defined  and  active  polymerization  catalyst,  the 
activated species can be stabilized with an olefinic substrate that allows reactivity 
under reaction conditions and gives good thermal stability in absence of monomer 
(e.g. ethene). Chapter 5 deals with the stabilization of zirconocene catalysts in the 
presence  of  thioether  with  a  longer  spacer  length,  3-butenyl  methylthioether 
(BMT). This chelate provides a good combination of reactivity and stability. The 
influence  of  the  stabilizing  effect  of  the  thioether  trapping  agent  on  ethylene 
homopolymerization is presented for both homogeneous and analogous supported 
systems.  
In Chapter 6 our quantification method is extended to half-sandwich titanium 
complexes,  illustrating  the  versatility  of  our  approach.  Immobilization  of Introduction: immobilization of single-center catalysts 
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monocyclopentadienyl titanium complexes followed by addition of the nucleophile 
n-Bu4NBr results in the quantitative desorption of the desired Ti activated species. 
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Chapter 2 
Generation of well-defined 
silica-supported ammonium 
borate activators 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This  chapter  focuses  on  the  design  and  synthesis  of  a  well-defined,  quantified 
silica-supported  activator,  based  on  a  tetra-arylborate  anion,  tethered  to  an 
aluminum  alkyl-modified  silica  surface  with  a  trialkylammonium  cation.  The 
choice of the trialkylaluminum reagent, used to functionalize the silica surface, 
plays a very important role in the formation of a stable and well-defined tethered 
ammonium borate activator. CHAPTER 2 
  30 
2.1   Introduction  
 
A large fraction of the commercially manufactured crystalline polyolefins are 
produced  in  large-scale  slurry  and  gas-phase  processes,  which  require  the 
polymerization catalyst to be anchored on a solid support to obtain a satisfactory 
product morphology. Therefore, there is considerable interest in the development 
of  suitable  and  well-defined  supports  for  single-center  olefin  polymerization 
catalysts.
1  
The  most  frequently  used  method  to  immobilize  single-center  olefin 
polymerization catalysts consists of adsorption of methyl alumoxane (MAO) on a 
silica support and subsequent reaction with an appropriate precatalyst.
2 Despite the 
success of MAO in generating highly active olefin polymerization species, a major 
drawback  is  the  high  MAO : precatalyst  ratio  required  to  obtain  acceptable 
polymerization  activities.
2e,3  An  additional  disadvantage,  from  a  fundamental 
research point of view, is the fact that MAO is structurally ill-defined. Although 
many research groups have been trying to identify its structure and exact function 
in activating single-center pre-catalysts, details remain under debate.
2d,4  
The  discovery  of  perfluoroaryl  boranes  and  ammonium  or  trityl  borates  as 
suitable activators to  generate  highly  electrophilic  cationic  metal-alkyl  catalysts 
with weakly nucleophilic counterions has led to the unambiguous characterization 
of many single-center catalytic systems.
5 In search of alternatives for MAO-based 
supported systems, several research groups started to develop new immobilized 
systems and new protocols for tethering boron-based cocatalysts.
6,7  
Methods have been developed to prepare supported borate activators by direct 
reaction of the borate anion with a partially dehydroxylated silica (Scheme 2.1a, 
see also Chapter 1) or modified silica support
7a, 7c (Scheme 2.1b, see also Chapter 
1). The latter represents a clean immobilization approach (only gaseous byproducts 
are  formed)  and  should  allow  easier  characterization  of  the  active  species 
compared to MAO-based systems. Furthermore, chemical tethering of the activator 
instead  of  the  precatalyst
8  provides  a  better  comparison  to  the  homogeneous 
systems,  allows  for  more  flexibility  in  the  choice  of  the  metal  complex  and 
diminishes deactivation processes that produce inactive µ-oxo complexes
9 with the 
oxidic support surface. 
In order to determine the nature and the amount of supported active catalyst 
species, the generation of a well-defined supported activator system, which can be 
quantified in terms of tethered activator per surface area unit, is highly desirable. 
For  this  purpose,  the  approach  developed  by  Dow
7c  to  support  boron-based 
cocatalysts  was  used  (Scheme  2.1b,  left  side).  In  this  method,  partially 
dehydroxylated  silica,  previously  treated  with  a  trialkylaluminum  compound  or 
MAO (to provide an anchoring point for the cocatalyst), is used as support material 
for the phenolic borate activator [Et3NH][p-HOC6H4B(C6F5)3] (2.2).  Generation of well-defined silica-supported ammonium borate activators 
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Scheme 2.1. 
 
As the aim is to obtain an optimally defined and quantified system, pretreatment 
of a well-defined silica support with a trialkylaluminum compound instead of ill-
defined  MAO  species is preferred.  Highly  selective  reactivity  of  the  cocatalyst 
[Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  towards  trialkylaluminum  compounds  is  an 
important issue for the preparation of suitable supported activators. In some cases, 
facile degradation of perfluorinated aryl boron compounds upon reaction with alkyl 
aluminum compounds has been observed.
10 The borate activator 2.2 contains two 
reactive groups: the O-H functionality, by which 2.2 is intended to react with the 
Al-alkyl groups on the modified silica surface and the N-H group that is intended 
to  activate  the  pre-catalyst  by  reaction  with  transition  metal-alkyl  bonds  via 
protonolysis. If the latter reaction occurs with Al-alkyl bonds, the resulting cationic 
species [AlR2]
+ can initiate the decomposition of the perfluorinated borate anion to 
give mixtures of alanes and boranes.
10 Thus, a careful choice of the aluminum alkyl 
and activator has to be made in order to prevent undesirable side reactions leading 
to decomposition of the supported cocatalyst.  CHAPTER 2 
  32 
In  section  2.2,  the  reactivity  of  [Et3NH][p-HOC6H4B(C6F5)3]  2.2)  towards 
trimethyl aluminum (TMA) and tri(isobutyl)aluminum (TIBA) is investigated. To 
gain insight into the reactivity of the N-H vs. O-H group towards TMA and TIBA, 
related  ammonium  pentafluoroaryl  borates  [Et3NH][B(C6F5)4]  (2.1)  and 
[Et4N][p-HOC6H4B(C6F5)3]  (2.3),  were  prepared,  that  each  contain  only  one  of 
these  functionalities.  In  section  2.3,  a  procedure  for  the  immobilization  and 
quantification  of  well-defined  boron-based  cocatalysts  incorporating  weakly 
coordinating anions on Al-modified partially dehydroxylated silica is reported. 
 
2.2   Reactivity  of  perfluoroaryl  borate  reagents 
towards trialkyaluminum compounds 
 
As previously reported, activation of Al-R bonds by perfluoroaryl boron-based 
cocatalysts, via protonolysis of the alkyl group or alkyl abstraction, leads to the 
formation of a transient species “[AlMe2][B(C6F5)4]“ that immediately decomposes 
to mixtures of AlR3-x(C6F5)x compounds.
10 Section 2.2.1 describes the reactivity of 
[Et3NH][B(C6F5)4]  (2.1),  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  and 
[Et4N][p-HOC6H4B(C6F5)3] (2.3) towards AlMe3 in both coordinating (THF) and 
non-coordinating  (toluene)  solvents.  Section  2.2.2  focuses  on  the  reactivity  of 
[Et3NH][B(C6F5)4] (2.2) and [Et3NH][p-HOC6H4B(C6F5)3] (2.2) towards Al(i-Bu)3 
in both coordinating (THF) and non-coordinating solvents (toluene).  
The  compound  [Et3NH][B(C6F5)4]  (2.1)  was  easily  prepared  in  high  yields 
according  to  a  modification  of  a  literature  procedure
11  by  reaction  of 
Li[B(C6F5)4](Et2O)2  with  one  equivalent  of  [Et3NH]Cl  after  which  LiCl  was 
removed  by  filtration.  The  reaction  was  carried  out  in  dry  CH2Cl2  instead  of 
distilled water (Scheme 2.2). 
 
 
Scheme 2.2. 
 
The  phenolic  borate  activator  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  was 
synthesized  according  to  the  procedure  described  by  Carnahan  et  al.
7a  for  the 
synthesis  of  [HNMe2Ph][p-HOC6H4B(C6F5)3],  but  [Et3NH]Cl  was  used  as 
ammonium salt instead of [HNMe2Ph]Cl (Scheme 2.3). 
 Generation of well-defined silica-supported ammonium borate activators 
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Scheme 2.3. 
 
The borate [Et4N][p-HOC6H4B(C6F5)3] (2.3) was synthesized following the same 
procedure  as  described  for  compound  2.2  by  reaction  of 
[MgBr(THF)2][Me3SiO(C6H4)B(C6F5)3] with [Et4N]Cl. 
 
2.2.1   Reactivity  of  ammonium  pentafluoroaryl  borate 
cocatalysts towards TMA 
 
When a THF-d8 solution of [Et3NH][B(C6F5)4] (2.1) was treated with an excess 
of TMA at room temperature, no reaction of the N-H group was visible. Upon 
warming  the  solution  to  60°C  for  4  hours,  formation  of 
[AlMe2(THF-d8)2][B(C6F5)4] (2.4) was observed (Scheme 2.4).  
 
 
Scheme 2.4. 
 
In the 
1H NMR spectrum, the NH signal disappeared and the Al-Me resonance is 
found at δ -0.66 ppm. In the 
19F NMR spectrum the o-, p- and m-F are observed at 
δ -131.4 ppm, δ -163.5 ppm and δ -167.1 ppm, respectively. After 6 hours at 60°C, 
the 
1H NMR spectrum showed the formation of a new species characterized by a 
quartet at δ 3.30 ppm, a triplet at δ  1.29 ppm (shifted downfield relative to free 
triethylamine in THF-d8), and a singlet at δ -0.80 ppm in a 6:9:6 ratio. Warming for 
3 hours at 70°C resulted in the gradual disappearance of 2.4 and free Et3N and 
concurrent formation of the new species. Based on these observations, the product 
of this reaction is formulated as [AlMe2(O(CD2)4NEt3)][B(C6F5)4] (2.5, Scheme 
2.4),  which  is  formed  by  THF-ring  opening.  Analogous  THF-ring  opening CHAPTER 2 
  34 
reactions  have  been  observed  for  other  aluminum  compounds
12  as  well  as  for 
[Cp
*
2ZrMe(THF)]
+ in the presence of Et3N (see Chapter 4).  
To confirm the formation of 2.4 and 2.5, in a separate experiment B(C6F5)3 was 
treated with one equivalent of AlMe3 in THF-H8. After 1 hour at room temperature, 
the borate salt [AlMe2(THF)2][MeB(C6F5)3] (2.6) had formed. Heating 2.6 to 60°C 
in THF-H8 and in the presence of one equivalent of Et3N, followed by evaporation 
of  the  solvent  and  redissolution  in  CD2Cl2,  allowed  formation  of 
[AlMe2(O(CH2)4NEt3)][MeB(C6F5)3]  (2.7)  to  be  observed  accompanied  by 
disappearance of 2.6 and free Et3N. In the 
1H NMR spectrum the resonances for the 
NCH2 and NCH2CH3 are found at δ 3.17 ppm and δ 1.30 ppm. The Al-Me peak is 
observed at δ -0.80 ppm. The methylene protons of the alkyl chain are observed at 
δ 3.81 ppm (OCH2), δ 3.04 ppm (NCH2) and δ 1.65 ppm (CH2CH2). In the 
1H-
1H 
COSY  NMR  spectrum  the  multiplet  at  δ 1.65 ppm  shows  two  cross-peaks, 
respectively, with the triplet at δ 3.81 ppm (OCH2) and the signal at δ 3.04 ppm 
(NCH2). In isolated 2.7, there seems to be no additional coordinated THF present. 
It could be that, upon evaporation of the THF solvent, coordinated THF is lost and 
that  Al  achieves  4-coordination  by  forming  a  dinuclear  species 
[(Me2Al)2(m-O(CH2)4NEt3)2]
+2.  Formation  of  m-alkoxo  species  is  common  in 
organo-Al chemistry.
13 
Although protonation of the Al-Me bond by the triethyl ammonium ion occurs 
upon reaction of 2.1 with AlMe3 in THF, the formation of Lewis base-adducts of 
[AlMe2]
+ suppresses the transfer of C6F5 to Al. In fact, even after prolonged heating 
at  70°C,  the 
19F  NMR  spectrum  did  not  give  evidence  for  degradation  of 
[B(C6F5)4]
-  as  only  the  three  resonances  for  [B(C6F5)4]  anion  were  visible 
throughout the experiment.  
As previously reported by Bochmann and coworkers,
10a reaction of AlMe3 with 
[CPh3][B(C6F5)4] in non-coordinating solvents leads to the formation of a transient 
species  “[AlMe2][B(C6F5)4]“  which  is  too  electrophilic  to  be  stabilized  by  the 
[B(C6F5)4]
-  anion.  Instead,  it  immediately  decomposes  to  AlMe2(C6F5)  and 
B(C6F5)3, initiating the degradation of [B(C6F5)4]
- (Scheme 2.5).  
 
 
Scheme 2.5. 
 Generation of well-defined silica-supported ammonium borate activators 
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In an NMR tube, a toluene-d8 suspension of 2.1 was treated with a 10-fold molar 
excess  of  AlMe3  and  the  reaction  was  monitored  by  NMR  spectroscopy.  No 
reaction was evident at ambient temperature or at 60°C (2h). Upon warming to 
80°C, after 1 hour the N-H resonance in the 
1H NMR spectrum had disappeared 
and formation  of  BMe3  was  observed,  as  indicated by  the resonance at  δ  0.73 
ppm.
10 In the 
19F NMR spectrum, two new sets of signals in a 1:3 ratio appeared at 
d -119.0 ppm (o-F), -155.7 ppm (p-F), -162.4 ppm (m-F) (minor component) and 
-122.6  ppm  (o-F),  -152.8  ppm  (p-F),  -161.4  ppm  (m-F)  (major  component)  in 
addition to unreacted [B(C6F5)4]
- anion. Although the exact nature of these species 
could not be determined at this point, the downfield shift of the o-F resonance, 
from  around  δ -130 ppm  in  the  [B(C6F5)4]
-  anion  to  around  δ -120 ppm,  is 
indicative  for  the  transfer  of  C6F5  groups  to  Al,  producing  species  of  the  type 
AlMe3-x(C6F5)x.
10a Prolonged heating did not result in the formation of new species. 
After 12 hours, evaporation of solvent and volatiles under reduced pressure yielded 
a  mixture  containing  four  AlMe3-x(C6F5)x  species  in  a 
AlMe2(C6F5) : AlMe2(C6F5)(Et3N) : Al(C6F5)3(Et3N) : AlMe(C6F5)2  ratio  of 
6:2:1:0.2 (Scheme 2.6). 
 
 
Scheme 2.6. 
 
The reaction mixture was analyzed by 
1H NMR and 
19F NMR spectroscopy. The 
major  species  was  identified  as  AlMe2(C6F5):  its 
19F  NMR  resonances  and  the 
Al-Me 
1H  NMR  resonance  at  δ  -0.08  ppm  are  in  agreement  with  the  values 
reported by Bochmann et al.
10a The presence of two sets of NEt-signals in the 
1H 
NMR  spectrum  (δ 0.59 ppm  and  0.62 ppm  for  NCH2CH3,  δ 2.52 ppm  and 
2.26 ppm  for  NCH2CH3)  suggests  the  formation  of  two  triethylamine  adducts 
AlMe3-x(C6F5)x(Et3N)  (x = 1,  3)  as  minor  constituents  of  the  reaction  mixture. 
Integration  of  the 
1H  NMR  spectrum  indicates  that  the  signal  at  δ -0.22 ppm 
possibly  corresponds  to  the  chemical  shift  for  the  Al-Me  group  of 
AlMe2(C6F5)(Et3N). In the 
19F NMR spectrum the peaks for AlMe2(C6F5)(Et3N) 
appear at δ -119.4 ppm (o-F), -155.4 ppm (p-F) and -162.3 ppm (m-F). Analogous 
Lewis-base  adducts  AlMe2Br(Et3N)
10d  and  AlMe2(C6F5)(Et2O)
10a  have  been 
previously  reported.  The  second  triethylamine  adduct  might  correspond  to 
Al(C6F5)3(Et3N).  Although  formation  of  Al(C6F5)3(Et2O)  was  not  observed  by CHAPTER 2 
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Bochmann, the analogous THF-adduct Al(C6F5)3(THF) was reported by Roesky et 
al.
14  In  the 
19F  NMR  spectrum  another  minor  set  of  peaks  was  observed  at 
δ -122.3 ppm (o-F), -152.7 ppm (p-F) and -160.6 ppm (m-F) in agreement with the 
values reported by Bochmann
10a for AlMe(C6F5)2. In the 
1H NMR spectrum the 
corresponding Al-Me singlet was observed at δ 0.06 ppm. For C6F5-boranes, the 
difference  between  the  m-F  and  p-F  chemical  shifts  Dd(Fm-Fp)  is  indicative  of 
specific  features  around  the  boron  center:  Dd BR2(C6F5) > Dd (Lewis 
base)BR2(C6F5) > Dd  coordinated  R2B(C6F5)
- > Dd  free  R2B(C6F5)
-.  Based  on 
comparison with literature data, a similar trend can also be found for the analogous 
Al-C6F5  compounds.
10,14  In  the  present  case,  the  Dd(Fm-Fp)  values  for  both 
Al(C6F5)3 and AlMe2(C6F5) (Dd = 8.9 ppm and 9.1 ppm, respectively) are indeed 
higher than those of the corresponding triethylamine adducts Al(C6F5)3(Et3N) and 
AlMe2(C6F5)(Et3N)  (Dd = 7.8  ppm  and  6.9  ppm,  respectively).  This  provides 
further evidence for the formation of those adducts.  
These results indicate that in hydrocarbon solvents AlMe3 reacts with the acidic 
proton of [Et3NH]
+, though only at elevated temperatures. This initially generates 
cationic Al-alkyl species, that then undergo ligand redistribution reactions with the 
[B(C6F5)4] anion. In order to design a good system for borate immobilization, the 
generation of cationic Al-alkyl species needs to be avoided, as degradation of the 
tethered  borate  anion  will  reduce  its  effectiveness  in  the  immobilization  of 
polymerization  catalysts.  Although  decomposition  of  the  anion  [B(C6F5)4]
-  is 
suppressed in coordinating solvents such as THF, this cannot provide a practical 
solution to the problem, as these will interfere with olefin polymerization catalysis.  
To ensure that the borate activator is covalently bound to the Al-modified silica, 
a reactive tether has to be used. Borates containing a hydroxyl group are probably 
the most widespread examples of tethered borates.
7a,c,g In order to immobilize the 
activator  on  the  Al-modified  silica,  the  hydroxyl  moiety  should  react  with  the 
aluminum  alkyl  groups  on  the  support.  To  investigate  the  reactivity  of  such  a 
hydroxyl group with trialkylaluminum compounds, the tetraethylammonium salt of 
a phenolic borate, [Et4N][p-HOC6H4B(C6F5)3] (2.3), was reacted with an excess 
(five equivalents) of AlMe3 in toluene at room temperature (Scheme 2.7).  
 
 
Scheme 2.7 
 
After 1 hour, one equivalent of CH4 was released (determined using a Töpler 
pump).  NMR  spectroscopy  showed  quantitative  formation  of 
[Et4N][(p-Me2AlOC6H4)B(C6F5)3]  (2.8).  In  the 
1H  NMR  spectrum,  the  OH 
resonance has disappeared and the signal for the OAl(CH3)2 moiety is observed at 
δ -0.58 ppm. In the 
19F NMR spectrum, three signals appear at δ -131.5 ppm (o-F), Generation of well-defined silica-supported ammonium borate activators 
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-165.3 ppm  (p-F)  and  -168.2 ppm  (m-F).  The  chemical  shift  of  the  o-F 
(δ -131.5 ppm) is typical for perfluorinated aryl borate anions.  
This  demonstrates  that  borate  activators  bearing  a  phenolic  moiety  can  be 
covalently bound to TMA-modified silica via reaction of the phenolic OH-group. 
As  borate  2.3 cannot  be used as  an  effective  cocatalyst, the triethylammonium 
borate [Et3NH][p-HOC6H4B(C6F5)3] (2.1) was synthesized.  
The borate [Et3NH][p-HOC6H4B(C6F5)3] (2.2) has two acidic protons: the O-H 
proton, that should selectively react with the aluminum alkyl groups on the support 
material, so that the activator is covalently bound to the solid matrix; the N-H 
proton, that should selectively react with the transition-metal dialkyl precatalyst to 
generate the corresponding cationic alkyl species. To establish whether compound 
2.2 is a suitable activator for the generation of a well-defined supported catalyst 
system when the silica support is treated with AlMe3 that provides an anchoring 
point for the cocatalyst, reactivity studies of 2.2 with TMA were performed in both 
THF and toluene.  
When compound 2.2 was treated with an excess (five equivalents) of AlMe3 in 
THF-d8, immediately one equivalent of CH4 was released (determined by a Töpler 
pump experiment), the OH resonance disappeared and 2.9 was the only product 
(Scheme 2.8).  
 
 
Scheme 2.8 
 
In the 
1H NMR spectrum, the NH resonance appears at d 7.85 ppm and Al-Me 
signal  is  found  at  δ -0.76 ppm.  In  the 
19F  NMR  spectrum,  the  peaks  appear at 
δ -129.1 ppm (o-F), -165.5 ppm (p-F) and -167.7 ppm (m-F). The chemical shift of 
the o-F (δ -129.1 ppm) indicates that transfer of C6F5 groups from B to Al did not 
occur. This shows that the phenolic proton in 2.2 is the most reactive with respect 
to TMA. 
When compound 2.2 was treated with an excess of AlMe3 in toluene-d8, after 1 
hour at room temperature two equivalents of CH4 had been released (determined by 
Töpler  pump  experiment), 
1H  NMR  resonances  of  both  the  OH  and  NH  had 
disappeared  and  in  the 
19F  NMR  spectrum  signals  for  AlMe3-x(C6F5)x  species 
started to grow in (Scheme 2.9).  
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Scheme 2.9 
 
The reaction mixture was warmed to 60°C for 4 hours, at which point compound 
2.2 was completely consumed and a mixture of AlMe3-x(C6F5)x became the major 
C6F5-containing  species.  Complete  degradation  of  2.2  took  place  via  a  similar 
sequence of ligand redistribution processes between the B and the Al centers as 
previously  observed  for  compound  2.1  (Scheme  2.6).  The  consumption  of  the 
borate anion in case of 2.2 is faster than in case of 2.1 and occurs even at room 
temperature.  The 
19F  NMR  spectrum  shows  the  formation  of  a  mixture  of 
Al(C6F5)3(Et3N) : AlMe2(C6F5) : AlMe2(C6F5)(Et3N) : AlMe(C6F5)2  in  a  ratio 
4:4:2:1.  These  products  were  also  observed  for  the  reaction  of  2.1  with  TMA 
(Scheme 2.6). In the 
19F NMR spectrum, the signals for AlMe2(C6F5)(Et3N) appear 
at δ -119.3 ppm (o-F), -155.7 ppm (p-F) and -162.5 ppm (m-F). In the 
1H NMR 
spectrum,  the  Al-Me  resonance  is  found  at  d -0.28 ppm  and  the  peaks  of  the 
coordinated Et3N are observed at d 2.27 ppm (NCH2) and d 0.60 ppm (NCH2CH3). 
The peaks for Al(C6F5)3(Et3N) in 
19F NMR spectrum are observed at d -119.6 ppm 
(o-F),  d -154.2 ppm  (p-F),  d -162.0 ppm  (m-F).  In  the 
1H  NMR  spectrum  the 
singlets  at  d -0.08  ppm  and  d 0.05  ppm  are  assigned  to  the  Al-Me  group  of 
AlMe2(C6F5)  and  AlMe(C6F5)2,  respectively.  The 
19F  NMR  resonances  of 
AlMe2(C6F5) are found at d -122.7 ppm (o-F), -150.5 ppm (p-F) and -160.7 ppm 
(m-F).  The  signals  for  AlMe(C6F5)2  are  observed  at  d -122.3  ppm  (o-F), 
-150.7 ppm (p-F) and -160.9 ppm (m-F).  
To determine whether the OH or the NH acidic proton reacts first with AlMe3, in 
a controlled experiment a toluene suspension of 2.2 was first reacted with one 
equivalent of AlMe3. Immediately, one equivalent of CH4 was released (measured 
by Töpler pump experiment), but the poor solubility of the perfluoroaryl boron 
species  in  toluene  did  not  allow  at  this  point  a  proper  characterization  of  the 
reaction  product.  The 
19F  NMR  spectrum  showed  only  three  resonances  at 
d -130.6 ppm  (o-F),  -164.2 ppm  (p-F),  -167.6 ppm  (m-F)  attributed  to 
[Et3NH][p-Me2AlO(C6H4)B(C6F5)3] (2.9). Then, a second equivalent of AlMe3 was 
added. Another equivalent of CH4 (measured by Töpler pump experiment) was 
released and subsequent formation of AlMe3-x(C6F5)x species readily occurred. In 
the 
19F  NMR  spectrum  new  signals  appeared.  The  downfield  shift  of  the  o-F 
resonance to around δ -119 ppm is indicative for transfer of C6F5 to Al.  Generation of well-defined silica-supported ammonium borate activators 
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These experiments indicate that the phenolic proton reacts first with AlMe3 as 
there is no spectroscopic evidence for Me/C6F5 exchange between Al and B after 
addition  of  the  first  equivalent  of  AlMe3.  Then,  upon  addition  of  a  second 
equivalent of AlMe3 the NH proton activates one of the Al-Me bonds leading to the 
formation of [AlMe2]
+ species that initiate the degradation of [p-HOC6H4B(C6F5)3] 
anion.  
The  results  presented  in  this  section  show  that  the  borate  anions  in 
[Et3NH][B(C6F5)4] (2.1) and [Et3NH][p-HOC6H4B(C6F5)3] (2.2) are not stable in 
the presence of an excess of AlMe3. When cationic aluminium methyl species are 
generated (i.e. when the ammonium NH reacts with trimethylaluminium), facile 
aryl/alkyl  group  exchange  occurs  in  toluene  with  formation  of  AlMe3-x(C6F5)x, 
although this can be suppressed by addition of a Lewis base (THF). Compound 2.2 
can potentially be supported on TMA-modified silica by reaction of its phenolic 
OH-group, but the propensity of the ammonium cation [Et3NH] to protonate the 
methyl-aluminum species could lead to scrambling of groups between Al and B, 
thus  degrading  the  weakly  coordinating  borate  anion  that  is  essential  for  good 
cocatalyst properties.
15 Thus, in order to obtain a well-defined and stable supported 
borate activator, a less reactive aluminum alkyl species has to be chosen to act as 
anchor as well as scavenger. One solution could be the increase of the size of the 
aluminum-bound alkyl group. The next section describes the reactivity of TIBA 
(tri-isobutyl-aluminum) with the ammonium borates 2.1 and 2.2.  
 
2.2.2   Reactivity  of  pentafluoroaryl  boron  cocatalysts  towards 
TIBA 
 
In toluene-d8, the combination of [Et3NH][B(C6F5)4] (2.1) with a 10-fold molar 
excess of Al(i-Bu)3 did not result in a reaction, until the mixture was warmed to 
80°C. Then, after 3 hours slow decomposition of the borate anion was observed by 
19F  NMR  spectroscopy  which  showed  resonances  of  Al(i-Bu)3-x(C6F5)x-type 
species. The downfield shift of the o-F resonance from d -132.3 ppm in [B(C6F5)4]
- 
to around δ -120 ppm is typical for the formation of Al-C6F5 species. Heating was 
prolonged for 16 hours, at which point 2.1 was completely consumed resulting in a 
mixture  of  Al(i-Bu)3-x(C6F5)x  species.  Based  on  comparison  with  literature 
data,
10a,16 one of the compounds was identified as Al(i-Bu)2(C6F5). Further evidence 
for  the  formation  of  this  3-coordinate  neutral  Al-C6F5  species  is  given  by 
Dd(Fm-Fp) = 9.1  ppm,  which  is  equal  to  the  value  found  for  the  analogous 
AlMe2(C6F5)  species  (vide  infra).  When  the  reaction  was  carried  out  in  a 
coordinating  solvent  (THF-d8),  no  protonation  reaction  occurred,  even  after 
prolonged heating at 60°C, as is evident from the NH 
1H NMR resonance of 2.1 at 
δ 7.90 ppm.  CHAPTER 2 
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These  results  show  that  protonation  of  triisobutyl  aluminum  species  with 
formation of Al(i-Bu)3-x(C6F5)x compounds occurs only at elevated temperatures 
and in the absence of a Lewis base, while protonation of AlMe3 by [Et3NH] cation 
(section 2.2.1) and degradation of the borate anion proceeds much faster already at 
room temperature.  
To establish if Al(i-Bu)3-modified silica would serve as a proper support for the 
cocatalyst  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2),  reactivity  studies  of  2.2  with 
Al(i-Bu)3 in solution were performed. Reaction of 2.2 with a 10-fold molar excess 
of  Al(i-Bu)3  in  toluene-d8  at  room  temperature  afforded 
[Et3NH][p-(i-Bu)2AlO(C6H4)B(C6F5)3]  (2.10)  quantitatively.  No  further  reaction 
was evident at room temperature. Then, the NMR tube was heated to 80°C. After 1 
hour,  new  sets  of  signals  appeared  in  the 
19F  NMR  spectrum  in  addition  to 
unreacted  [p-(i-Bu)2AlO(C6H4)B(C6F5)3]
-  anion.  The  downfield  shift  of  the  o-F 
resonances from around δ -130 ppm in the perfluorinated borate anion to around 
δ -120 ppm is indicative for the transfer of C6F5 groups to Al. The reaction mixture 
was kept at 80°C for 3 hours, at which point complete degradation of the borate 
anion  with  subsequent  formation  of  ligand  exchange  products  was  observed 
(Scheme 2.10).  
 
 
Scheme 2.10 
 
The 
19F NMR spectrum shows the formation of three main Al-C6F5 species. The 
major constituent of the mixture was identified as Al(i-Bu)2(C6F5). The chemical 
shifts for the o-, p- and m-F are found respectively at δ -120.7 ppm, 152.6 ppm and 
-161.7 ppm.  Compound  2.10  was  also  synthesized  on  a  preparative  scale  by 
reacting 2.2 with a small excess of Al(i-Bu)3 at room temperature in toluene.  
These results indicate that (a) at room temperature Al(i-Bu)3 can selectively react 
with the phenolic moiety generating 2.10 quantitatively, even in absence of a Lewis 
base (THF), while reaction of 2.2 with AlMe3 under the same conditions (section 
2.2.1) leads to the rapid formation of AlMe3-x(C6F5)x; (b) protonation of Al(i-Bu)3 
by the ammonium cation [Et3NH]
+ is much less favorable than with AlMe3 (section 
2.2.1),  but,  in  absence  of  a  Lewis  base  (THF),  occurs  slowly  at  elevated 
temperatures (80°C) to generate Al cationic species which initiate the degradation 
of the borate anion. Generation of well-defined silica-supported ammonium borate activators 
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From these experiments it can be concluded that the use of Al(i-Bu)3 does not 
completely suppress the exchange chemistry between Al and B, but the advantage 
with respect to AlMe3 is that the degradation of the borate anion only takes place at 
elevated temperatures (and then only slowly) whereas formation of the aluminum 
alkoxy species occurs at room temperature.  
 
2.2.3   Conclusions 
 
From  the  experiments  described  in  this  section  it  can  be  seen  that:  (a)  the 
phenolic group in the borate [Et3NH][p-HOC6H4B(C6F5)3] (2.2) is the most reactive 
group towards aluminum alkyls AlR3 (R = Me, i-Bu); (b) the ammonium group can 
also react with AlR3, generating cationic Al alkyl species that induce borate anion 
degradation by substituent scrambling between B and Al, forming AlR3-x(C6F5)x 
species; (c) this reaction of the ammonium group with AlR3 is much slower for 
R = i-Bu  than  for  R = Me.  It  thus  appears  that  the  combination  of  a  (partially 
hydroxylated)  silica,  that  is  modified  on  the  surface  with  Al(i-Bu)3,  with  the 
phenolic  ammonium  borate  2.2  can  provide  a  well-defined  and  potentially 
quantifiable  supported activator  that  will  have  sufficient  stability  to  be  used at 
normal operating temperatures for supported olefin polymerization catalysts (50-
80°C). 
 
2.3   Generation of a well-defined supported activator 
 
Implementation  of  single-center  catalysts  in  polyolefin  production  is  directly 
related  to  the  development  of  effective  immobilization  techniques.  In  the  past 
years,  there  has  been  a  notable  increase  in  research  on  single-center  catalyst 
immobilization using MgCl2 due to the more favorable fragmentation behavior, 
thus providing better polymer particle morphology. Nevertheless, amorphous silica 
has  been  also  widely  used  as  support  for  heterogeneous  single-center  olefin 
polymerization catalysts because it possesses a high surface area and porosity, has 
good mechanical properties and is stable and inert under reaction and processing 
conditions.
17,18 The chemical properties of amorphous silica are mostly governed 
by the chemistry of its surface, especially by the presence of silanol groups.
19 By 
varying the concentration of hydroxyl groups on the surface either via thermal
9b or 
subsequent  chemical  treatment,
20  the  properties  of  the  surface  can  be  strongly 
altered.  Surface  modifications  are  usually  applied  to  improve  the  catalysts 
performances.  
Characterization of  heterogeneous  systems  on  a  molecular  level  is  extremely 
difficult, thus it is important to know as much as possible about the individual 
components, and the way in which they link together. For this work, Sylopol 948 CHAPTER 2 
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was  chosen  as  support  material:  its  properties  and  surface  modification  with 
Al(i-Bu)3  are  described  in  section  2.3.1.  A  method  for  the  immobilization  and 
quantification of the borate cocatalyst [Et3NH][p-HOC6H4B(C6F5)3] (2.2) onto this 
modified support material is described in section 2.3.2.  
 
2.3.1   Support material: SiO2/Al(i-Bu)3 
 
The silica support Sylopol 948
21 (Grace AG) was calcined at 600°C,
22 affording 
a  material  containing  mainly  isolated  silanol  groups.
21  The  properties  of  the 
calcined silica are listed in Table 2.1.  
 
Table 2.1 Silica support properties.
21 
Type  Tcalc. 
(°C) 
Surface 
area (m
2/g) 
Surface area of 
pores (m
2/g) 
Pore diameter 
(nm) 
Particle 
size (µm) 
Sylopol 
948  600  304  290  24  50 
 
It  is  important  to  quantify  the  hydroxyl  groups  available  on  the  surface  for 
modification to calculate the right amount of scavenger required to passivate the 
silica  surface.  The  density  of  the  hydroxyl  groups  on  the  calcined  silica  was 
determined by using two methods: 
- titration with AlMe3,
18 quantification based on the amount of CH4 evolved 
(Scheme 2.11, a) by means of a Töpler pump;  
- modification with hexamethyldisilazane (HMDS),
23 quantification based on the 
determination of the carbon content of the modified silica using elemental analysis 
(Scheme 2.11, b). 
The amount of hydroxyl groups found with the two methods after treatment of 
the silica at 600°C is, respectively, 0.82 mmol OH/gsilica and 0.83 mmol OH/gsilica.  
 
 
Scheme 2.11 
 
In  order  to  be  able  to  chemically  bind  the  borate  activator  2.2  to  the  silica 
support, it is necessary to pretreat the surface with a trialkylaluminum compound to 
make  it  reactive  towards  the  phenolic  group  of  the  activator 
[Et3NH][p-HOC6H4B(C6F5)3] (2.2). As described in section 2.2, to provide a well-
defined  supported  system  the  most  suitable  trialkylaluminum  turned  out  to  be 
Al(i-Bu)3. The silica was contacted with a n-hexane solution of Al(i-Bu)3 at room Generation of well-defined silica-supported ammonium borate activators 
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temperature  and  left  to  react  overnight.  The  content  of  supported  isobutyl 
aluminum species was deduced from the aluminum content (0.80 mmol Al/gsilica) of 
the modified silica (Scheme 2.12), determined by elemental analysis.  
 
 
Scheme 2.12 
 
2.3.2   Quantification of tethered [Et3NH][p-HOC6H4B(C6F5)3] on 
Al-modified silica 
 
To generate a well-characterized and fully quantified supported activator, the 
previously prepared aluminum-modified silica (section 2.3.1) was reacted in an 
NMR  tube  with  a  C6D5Br  solution  of  the  phenolic  borate  2.2,  using  a  1:1 
stoichiometry of 2.2 to Al (Scheme 2.13) and with ferrocene present as internal 
standard.  
 
[HO(C6H4)B(C6F5)3][Et3NH]
(2.2)
O
B
F5
F5
F5
Et3NH
+ i BuH (g)
(2.11)
SiO2
O
Al
SiO2
O
Al
 
Scheme 2.13 
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The reaction was monitored by 
1H NMR spectroscopy over a period of 24 hours. 
This allowed the quantification of the disappearance of 2.2 from solution and the 
concomitant formation of isobutane during the immobilization process as the only 
gaseous product of the reaction.  
Evolution of isobutane had ceased after four hours, at which point an amount 
equivalent to 30% of the aluminum present on the support was produced. During 
this  period,  the  disappearance  of  2.2  from  solution  was  accompanied  by  an 
equimolar release of isobutane, indicating chemical linking (chemisorption) of 2.2 
to the support. After this initial phase, a slow additional decrease of 2.2 in solution, 
to about 50% of the initial amount over 20 hours, was observed without additional 
formation  of  isobutane.  This  may  be  ascribed  to  a slow  physisorption  process, 
probably involving the diffusion of 2.2 into small pores of the silica. The presence 
of physisorbed activator is undesirable, as it can cause catalyst leaching at a later 
stage  (as  physisorbed  activator  is  not  chemically  linked  to  the  surface  and  is 
therefore mobile). To avoid the presence of physisorbed activator, a 2.2:Al ratio of 
1:5 was used in the preparation of supported cocatalyst samples for activation of 
transition metal compounds.  
Comparable results were obtained when an apolar solvent (C6D6) was used: only 
25% of 2.2 (when added in equivalent amount to the Al-alkyl species on the silica) 
was chemically bound to the silica with liberation of isobutane. Due to the poor 
solubility  of  2.2  in  apolar  solvents,  in  this  case  a  precise  quantification  of  the 
physisorbed borate and unreacted borate was not possible. 
The  supported  activator  2.11  was  synthesized  on  a  preparative  scale  by 
contacting the Al-modified silica (prepared as described in section 2.3.1) with a 
toluene solution of the borate activator 2.2, using a 1:5 stoichiometry of 2.2 to Al. 
The reaction mixture was left to react overnight at room temperature. The silica 
suspension  was  then  washed  several  times  with  warm  toluene  to  remove  any 
undesired physisorbed activator. The 
1H NMR spectrum of a C6D5Br suspension of 
2.11 did not show any presence of Al(i-Bu)3 and/or borate activator 2.2 in solution, 
suggesting  that  all  of  Al(i-Bu)3  and  2.2  are  chemisorbed  on  the  support.  The 
amount of chemisorbed borate was determined by elemental analysis. The values 
found are in agreement with the values calculated assuming that 80% of Al centers 
bears two isobutyl groups and 20% of Al centers bears one isobutyl group and one 
phenolic borate 2.2.  
 
2.3.3   Conclusions 
 
Based on a silica support with well-defined properties (in terms of surface area, 
porosity and surface silanol content), a modified silica with a specific coverage of 
Al-isobutyl  functionalities  was  prepared.  These  functionalities  were  used  as Generation of well-defined silica-supported ammonium borate activators 
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anchoring  points  for  the  phenolic  borate  activator  2.2.  In  the  reaction  of  the 
modified  support  with  2.2,  a  relatively  fast  chemisorption  process  (involving 
approximately  25-30%  of  the  Al-isobutyl  functionalities)  is  followed  by  an 
undesirable slower physisorption process. These observations allowed us to define 
a  protocol  to  prepare  a  silica  support  with  tethered  fluorinated  borates  and 
trialkylammonium counterions that is well-defined and quantified. 
 
2.3.4   Outlook 
 
A readily reproducible and quantifiable procedure has been developed to prepare 
well-defined silica supports with tethered fluorinated borate anions. This approach 
should  be  readily  applicable  to  other  silica  or  metal  oxide  supports  and  other 
cationic activating moieties beyond the triethyl ammonium ion used in this study. 
These  functionalized  supports  should  provide  a  good  platform  for  the  detailed 
study  of  the  behavior  of  immobilized  cationic  transition-metal  catalysts.  The 
present study, as outlined in the next chapters, focuses on early transition-metal 
catalysts for olefin polymerization, but the material described here could also be 
valuable  for  the  study  of  other  cationic  catalysts,  e.g.  for  (enantioselective) 
catalytic hydrogenations etc.  
 
2.4   Experimental section 
 
General  considerations.  All  reactions  and  manipulations  of  air  and  moisture 
sensitive compounds were performed under a nitrogen atmosphere using standard 
Schlenk,  vacuum  line  and  glove  box  techniques.  Solvents (Aldrich, anhydrous) 
were dried over a column containing BASF R3-11 supported Cu based scavenger 
and  either  a  mixture  of  alumina  and  3 Å  molsieves  (toluene),  4 Å  molsieves 
(pentane, hexane) or alumina (THF, diethyl ether) under nitrogen atmosphere prior 
to use. Deuterated solvents THF-d8 and toluene-d8 were dried on a Na/K alloy and 
transferred in vacuum before use, CD2Cl2 and C6D5Br were dried on CaH2 and 
transferred in vacuum before use. The reagents AlMe3 (Strem Chemicals), Al(i-
Bu)3  (Witco  GmbH),  Mg  (Acros  Organics),  [Et3NH]Cl  (Aldrich), 
4-(bromophenoxy)trimethylsilane  (Aldrich),  hexamethyldisililazane  (Acros 
Organics), LiB(C6F5)4(Et2O)2 (Fluka) were used as purchased. Silica Sylopol 948 
(Grace AG) was kindly donated by M. Smit (Technische Universiteit Eindhoven). 
Prior to use, [Et4NH]Cl (Aldrich) was dissolved in CH2Cl2, dried with Na2SO4 and 
filtered,  after  which  the  solvent  was  evaporated.  Compound  [Et3NH][B(C6F5)4] 
(2.1) was synthesized by a modification of a literature procedure.
11 The borates 
[Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  and  [Et4N][p-HOC6H4B(C6F5)3]  (2.3)  were CHAPTER 2 
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synthesized by variation of a patent procedure.
7a,c B(C6F5)3 was prepared according 
to literature procedures.
24  
NMR spectra were recorded on Varian Gemini 200, VXR-300 and Mercury Plus 
400 spectrometers. The 
1H NMR spectra were referenced to resonances of residual 
protons in deuterated solvents and 
13C NMR spectra to resonances of carbon atoms 
in  the  deuterated  solvents.  Elemental  analyses  were  performed  by  H.  Kolbe, 
Mikroanalytisches Laboratorium, Mülheim an der Ruhr. Every value is the average 
of at least two independent determinations.  
 
Synthesis of [Et3NH][B(C6F5)4] (2.1). 
In a double Schlenk vessel LiB(C6F5)4(Et2O)2 (0.5 g, 0.6 mmol) was treated with 
one equivalent of [Et3NH]Cl (0.08 g, 0.6 mmol) in 30 mL of CH2Cl2. The reaction 
mixture was stirred overnight at room temperature. The compound was extracted 
four times with CH2Cl2. The solvent was removed under reduced pressure until 2.1 
was obtained as a white powder. Yield: 92% (0.55 mmol, 0.43 g). 
1H NMR (400 
MHz, THF-d8, d): 8.2 (br, NH, 1H), 3.12 (q, JHH = 7.4 Hz, NCH2CH3, 6H), 1.33 (t, 
JHH =  7.3 Hz,  NCH2CH3,  9H). 
13C{
1H}  NMR  (75  MHz,  THF-d8,  d):  151.2  (d, 
JCF = 242 Hz,  o-CF  C6F5),  141.5  (d,  JCF = 242 Hz,  p-CF  C6F5),  139.1  (d, 
JCF = 249 Hz, m-CF C6F5), 124.6 (br, ipso-C C6F5), 48.4 (NCH2), 9.3 (NCH2CH3). 
19F  NMR  (375 MHz,  THF-d8,  d):  -132.1  (d,  JFF = 19.9 Hz,  o-F,  8F),  -164.2  (t, 
JFF = 19.8 Hz, p-F, 4F), -167.7 (t, JFF = 17 Hz, m-F, 8F). 
 
Synthesis of [Et3NH][p-HOC6H4B(C6F5)3] (2.2). 
In  a  double  Schlenk  vessel,  1 g  (1.1 mmol)  of 
[MgBr(THF)2][p-SiMe3O(C6H4)B(C6F5)3]  (synthesized  according  to  literature 
procedure
6a)  was  treated  with  an  excess  of  [Et3NH]Cl  (1.7 mmol,  0.23 g)  in 
distilled and degassed H2O and stirred for 16 hours at room temperature, resulting 
in  the  formation  of  a  viscous  precipitate.  The  resulting  aqueous  solution  was 
carefully  decanted  and  the  remaining  viscous  solid  was  washed  with  degassed 
distilled H2O (3×10 mL) and rinsed with pentane (3×5 mL). The solvents were 
removed under reduced pressure until a white solid was obtained. The white solid 
was dissolved in 20 mL of diethyl ether and 20 mL of pentane were added. The 
mixture was stirred for 30 minutes. After this time, stirring was stopped and a 
viscous precipitate was observed. The solvents were decanted and the remaining 
precipitate was further washed with pentane (3×20 mL). The viscous solid was 
then dried under vacuum to obtain a white powder. Yield: 55% (0.6 mmol, 0.43 g). 
1H NMR (400 MHz, THF-d8, d): 7.61 (br, OH, NH, 2H), 7.03 (d, JHH = 7.9 Hz, 
C6H4, 2H), 6.32 (d, JHH = 8.2 Hz, C6H4, 2H), 3.11 (q, JHH = 7.4 Hz, NCH2CH3, 6H), 
1.27 (t, JHH = 7.4 Hz, NCH2CH3, 9H). 
13C{
1H} NMR (75 MHz, THF-d8, d): 155.8 
(C6H4), 150.5 (d, JCF = 235 Hz, o-CF C6F5), 140.0 (d, JCF = 245 Hz, p-CF C6F5), 
138.7 (d, JCF = 230 Hz, m-CF C6F5), 136.0 (C6H4), 130.0 (br, C6H4), 115.1 (C6H4), Generation of well-defined silica-supported ammonium borate activators 
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49.1  (NCH2),  11.2  (NCH2CH3). 
19F  NMR  (375  MHz,  THF-d8,  d):  -129.9  (d, 
JFF = 20.3 Hz, o-F, 6F), -166.7 (t, JFF = 19.9 Hz, p-F, 3F), -168.9 (t, JFF = 18.4 Hz, 
m-F, 6F). 
 
Synthesis of [Et3NH][p-(Me2CHCH2)2AlO(C6H4)B(C6F5)3] (2.10). 
In  a  double  Schlenk  vessel,  a  toluene  suspension  (10 mL)  of 
[Et3NH][p-HOC6H4B(C6F5)3] (2.2, 0.28 mmol, 200 mg) was treated with an excess 
of  TIBA  (0.56 mmol,  0.15 mL).  The  reaction  mixture  was  stirred  at  room 
temperature for 1 hour. The solvent was removed under reduced pressure. The 
product was rinsed with pentane (4×10 mL) and dried until a white powder was 
obtained.  Yield:  67%  (0.19 mmol,  0.16 g).  Anal.  Calcd.:  C 53.85%;  H 4.52%; 
N 1.65%;  B 1.28%;  Al 3.18%.  Anal.  Found:  C 53.10%;  H 4.48%;  N 1.65%; 
B 1.22%; Al 2.75%. 
1H NMR (400 MHz, THF-d8, d): 7.81 (br, NH, 1H), 7.03 (d, 
JHH = 7 Hz, C6H4, 2H), 6.41 (d, JHH = 7.6 Hz, C6H4, 2H), 3.11 (q, JHH = 7.2 Hz, 
NCH2CH3, 6H), 1.94 (m, JHH = 6.6 Hz, (CH3)2CHCH2, 2H), 1.22 (t, JHH = 7.3 Hz, 
NCH2CH3, 9H), 0.96 (d, JHH = 6.4 Hz, (CH3)2CHCH2, 12H), 0.02 (d, JHH = 7 Hz, 
(CH3)2CHCH2, 4H). 
13C{
1H} NMR (75 MHz, THF-d8, d): 150.8 (d, JCF = 235 Hz, 
o-CF  C6F5),  140.4  (d,  JCF = 247 Hz,  p-CF  C6F5),  139.1  (d,  JCF = 247 Hz,  m-CF 
C6F5), 135 (C6H4), 117 (C6H4), 48.1 (NCH2), 28.9 (CH3), 26.7 (CH), 23.3 (AlCH2). 
19F  NMR  (375 MHz,  THF-d8,  d):  -132  (d,  JFF = 20.1 Hz,  o-F,  6F),  -168.7  (t, 
JFF = 19.8 Hz, p-F, 3F), -170.8 (t, JFF = 19.8 Hz, m-F, 6F). 
 
Synthesis of [Et4N][p-HOC6H4B(C6F5)3] (2.3). 
In a double Schlenk vessel, an aqueous solution of [Et4N]Cl (0.31 M, 2.7 mL) was 
treated  with  [MgBr(THF)2][p-SiMe3O(C6H4)B(C6F5)3]  (0.5  g,  0.46  mmol).  The 
reaction  mixture  was  stirred  overnight  at  room  temperature,  resulting  in  the 
formation of a viscous precipitate. The aqueous solution was carefully decanted. 
The remaining viscous precipitate was washed with degassed distilled H2O (3x5 
mL) and rinsed with pentane (3×5 mL). Solvents were removed under reduced 
pressure to obtain a white viscous solid. The solid was dissolved in 5 mL of diethyl 
ether and 5 mL of pentane were added. The mixture was stirred for 30 minutes. 
After this time, stirring was stopped and a viscous precipitate was observed. The 
solvents  were  decanted  and  the  remaining  precipitate  was  further  washed  with 
pentane (5 mL) three times. The viscous solid was then dried under vacuum to 
obtain a white powder. Yield: 54% (0.25 mmol, 0.19 g). 
1H NMR (400 MHz, THF-d8, d): 8.11 (br, OH, 1H), 7.02 (d, JHH = 7.6 Hz, C6H4, 
2H), 6.41 (d, JHH = 7.9 Hz, C6H4, 2H), 3.23 (q, d, JHH = 7.3 Hz, NCH2CH3 8H), 
1.20 (t, JHH = 6.3 Hz, NCH2CH3, 12H). 
13C{
1H} NMR (75 MHz, THF-d8, d): 155.3 
(C6H4), 150.8 (d, JCF = 235 Hz, o-CF C6F5), 141.0 (d, JCF = 245 Hz, p-CF C6F5), 
134.6 (d, JCF = 230 Hz, m-CF C6F5), 137 (C6H4), 130.0 (br, C6H4), 114.1 (C6H4), 
53.1 (NCH2), 7.51 (NCH2CH3). 
19F NMR (400 MHz, THF-d8, d): -129.1 (o-F C6F5, CHAPTER 2 
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JFF = 20.4 Hz, 8F), -165.6 (t, p-F C6F5, JFF = 20.2 Hz, 4F), -167.8 (t, m-F C6F5, 
JFF = 19.5 Hz, 8F). 
 
NMR tube-scale reaction: [AlMe2(THF)2][MeB(C6F5)3] (2.6). 
In an NMR tube, B(C6F5)3 (20 mg, 40 µmol) was dissolved in 0.5 mL of THF-H8 
and  treated  with  an  excess  of  AlMe3  (48 µmol,  4.6 µL).  After  1  hour  at  room 
temperature  solvent  and  volatiles  were  evaporated.  The  colorless  oil  was 
redissolved in 0.5 mL of THF-d8 to give a clear solution of 2.6. 
1H NMR (400 MHz, THF-d8, d): 3.62 (m, CH2, THF, 4H), 1.76 (m, CH2, THF, 
4H), 0.50 (s, BCH3, 3H), -0.64 (s, AlMe, 6H).
19F NMR (375 MHz, THF-d8, d): -
131.4  (d,  JFF = 19 Hz,  o-F,  6F),  -165.3  (t,  JFF = 19.8 Hz,  p-F,  3F),  -167.6  (t, 
JFF = 19.6 Hz, m-F, 6F). 
 
NMR tube-scale reaction: [AlMe2(O(CH2)4NEt3)][MeB(C6F5)3] (2.7). 
In a NMR tube B(C6F5)3 (20 mg, 40 µmol) was dissolved in 0.5  mL of THF-d8 and 
treated  with  an  excess  of  AlMe3  (48 µmol,  4.6 µL).  After  1  hour  at  room 
temperature, 2.6 was formed and one equivalent of Et3N (40 µmol, 5.5 µL) was 
added  to  the  NMR  tube.  After  1  hour  at  room  temperature  no  reaction  had 
occurred. The NMR tube was then warmed at 60°C. After 1 hour a second set of 
ethyl resonances appeared. After 5 hours at 60°C the 
1H NMR spectrum showed a 
mixture  of  [AlMe2(THF)2][MeB(C6F5)3]  (2.6)  and 
[AlMe2(O(CD2)4NEt3)][MeB(C6F5)3] (2.7-d4) in a 1:1 ratio. The reaction mixture 
was kept at 60°C overnight until 2.6 was completely converted to 2.7-d4.  
1H NMR (400 MHz, THF-d8, d): 3.31 (q, JHH = 7.3 Hz, NCH2CH3, 6H), 1.30 (t, 
JHH = 7.3 Hz, NCH2CH3, 9H), 0.51 (s, BCH3, 3H), -0.80 (s, AlMe, 6H). 
19F NMR 
(375 MHz, THF-d8, d): -131.4 (d, JFF = 19 Hz, o-F, 6F), -165.4 (t, JFF = 19.8 Hz, p-
F, 3F), -167.5 (t, JFF = 19.6 Hz, m-F, 6F). 
In a separate experiment B(C6F5)3 (20 mg, 40 µmol) was dissolved in 0.5  mL of 
THF-H8 and reacted with an excess of AlMe3 (48 µmol, 4.6 µL). After 1 hour at 
room temperature, one equivalent of Et3N (40 µmol, 5.5 µL) was added and the 
NMR tube was warmed at 60°C overnight. Solvent and volatiles were removed 
under vacuum and [AlMe2(O(CH2)4NEt3)][MeB(C6F5)3] (2.7) was obtained as a 
colorless oil.  
1H  NMR  (400 MHz,  CD2Cl2,  d):  3.81  (t,  JHH = 6.0 Hz,  OCH2,  2H),  3.17  (q, 
JHH = 7.3 Hz, NCH2CH3, 6H), 3.04 (m, JHH = 7.4 Hz, NCH2, 2H), 1.65 (m, CH2, 
4H), 1.30 (t, JHH = 7.1 Hz, NCH2CH3, 9H), 0.48 (s, BCH3, 3H), -0.80 (s, AlMe, 
6H). 
13C{
1H} NMR (75 MHz, CD2Cl2, d): 148.9 (d, JCF = 239 Hz, o-CF C6F5), 
137.9 (d, JCF = 244 Hz, p-CF C6F5), 136.9 (d, JCF = 244 Hz, m-CF C6F5), 129.6 (br, 
ipso-C C6F5), 64.2 (CH2), 62.7 (CH2), 57.5 (NCH2), 29.7 (CH2), 19.1 (CH2), 10.7 
(br, CH3B(C6F5)3), 7.85 (NCH2CH3), -10.8 (AlCH3). 
19F NMR (375 MHz, CD2Cl2, Generation of well-defined silica-supported ammonium borate activators 
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d): -133.5 (d, JFF = 19.7 Hz, o-F, 6F), -165.3 (t, JFF = 19.3 Hz, p-F, 3F), -168.1 (t, 
JFF = 20.1 Hz, m-F, 6F). 
 
Reaction of [Et3NH][B(C6F5)4] (2.1) with AlMe3 in toluene-d8. 
In an NMR tube, a solution of [Et3NH][B(C6F5)4] (2.1, 20 µmol, 16 mg) in 0.5 mL 
of toluene-d8 was treated with an excess of TMA (200 µmol, 19 µL). The reaction 
mixture was warmed to 80°C and monitored by NMR over a period of 12 hours. 
Signals for AlMe3-x(C6F5)x species grew in after 1 hour, at which point formation of 
BMe3 was observed. After 12 hours the volatiles and the solvent were evaporated 
under  reduced  pressure.  A  small  amount  of  [Et3NH][B(C6F5)4]  (2.1)  was  still 
present [
19F NMR of 2.1 (375 MHz, toluene-d8, d): -134.9 (br, o-F, 8F), -159.5 (t, 
JFF = 20.9 Hz, p-F, 4F), -164.3 (br, m-F, 8F)]. 
1H NMR (400 MHz, toluene-d8, d): 
2.52  (q,  JHH = 7.3 Hz,  NCH2CH3,  6H,  Al(C6F5)3Et3N),  2.26  (q,  JHH = 7.3 Hz, 
NCH2CH3, 6H, AlMe2(C6F5)Et3N), 0.62 (t, JHH = 7.2 Hz, NCH2CH3, 9H), 0.59 (t, 
JHH = 7.2 Hz, NCH2CH3, 9H), 0.06 (s, AlCH3, 3H, AlMe(C6F5)2), -0.08 (s, AlCH3, 
6H, AlMe2(C6F5)), -0.23 (s, AlCH3, 6H, AlMe2(C6F5)Et3N). 
19F NMR (375 MHz, 
toluene-d8, d) of AlMe2(C6F5): -122.6 (d, JFF = 21.7 Hz, o-F, 2F), -152.3 (br, p-F, 
1F), -161.4 (br, m-F, 2F). Al(C6F5)3(Et3N): -119.6 (d, JFF = 17.8 Hz, o-F, 6F), -
154.2  (t,  JFF = 19.7 Hz,  p-F,  3F),  -162.0  (t,  JFF = 19.4 Hz,  m-F,  6F). 
AlMe2(C6F5)Et3N: -119.4 (d, JFF = 17.8 Hz, o-F, 2F), -155.4 (t, JFF = 19.8 Hz, p-F, 
1F), -162.3 (t, JFF = 19.4 Hz, m-F, 2F). AlMe(C6F5)2: -122.3 (d, JFF = 15.6 Hz, o-F, 
1F), -152.7 (t, JFF = 18.5 Hz, p-F, 2F), -160.6 (br, m-F, 4F). 
 
Reaction of [Et3NH][B(C6F5)4] (2.1) with AlMe3 in THF-d8. 
In  an  NMR  tube,  [Et3NH][B(C6F5)4]  (2.1,  20 µmol,  16 mg)  was  dissolved  in 
0.5 mL of THF-d8 and treated with an excess of TMA (200 µmol, 19 µL). After 
one day at room temperature, no reaction had occurred. The NMR tube was heated 
to  60°C.  After  6  hours,  compounds  [AlMe2(THF)2][B(C6F5)4]  (2.4)  and 
[AlMe2(O(CD2)4NEt3)][B(C6F5)4] (2.5) were formed in a 1:1 ratio. Heating was 
prolonged at 70°C for 3 hours at which point 2.5 was the only product. 
1H NMR (400 MHz, THF-d8, d): 3.30 (q, JHH = 7.3 Hz, NCH2CH3, 6H), 1.31 (t, 
JHH = 6.4 Hz, NCH2CH3, 9H), -0.80 (s, AlMe, 6H). 
19F NMR (375 MHz, THF-d8, 
d): -131.3 (br, o-F, 8F), -163.4 (t, JFF = 21 Hz, p-F, 4F), -167 (t, JFF = 17.5 Hz, m-F, 
8F). 
 
Reaction of [Et3NH][p-HOC6H4B(C6F5)3] (2.2) with AlMe3 in THF-d8.  
In an NMR tube, a THF-d8 solution (0.5 mL) of [Et3NH][p-HO(C6H4)B(C6F5)3] 
(2.2, 20 µmol, 15 mg) was treated with an excess of AlMe3 (100 µmol, 10 µL). 
Immediately  one  equivalent  of  CH4  (20 µmol,  measured  by  a  Töpler  pump) 
evolved, resulting in the formation of [Et3NH][p-Me2AlO(C6H4)B(C6F5)3] (2.9). CHAPTER 2 
  50 
1H NMR (400 MHz, THF-d8, d): 7.85 (s, NH, 1H), 7.10 (d, JHH = 7.6 Hz, C6H4, 
2H), 6.51 (d, JHH = 7.9 Hz, C6H4, 2H), 2.95 (q, JHH = 6.7 Hz, NCH2CH3 6H), 1.17 
(t, JHH = 6.3 Hz, NCH2CH3, 9H), -0.76 (s, AlCH3, 6H). 
19F NMR (375 MHz, THF-
d8, d): -129.1 (d, JFF = 19.8 Hz, o-F, 6F), -165.5 (t, JFF = 19.6 Hz, p-F, 3F), -167.7 
(t, JFF = 19.7 Hz, m-F, 6F). 
 
Reaction of [Et3NH][p-HOC6H4B(C6F5)3] (2.2) with AlMe3 in toluene-d8.  
In an NMR tube, [Et3NH][p-HOC6H4B(C6F5)3] (2.2, 20 µmol, 14 mg) in 0.5 mL of 
toluene-d8 was treated with an excess of AlMe3 (200 µmol, 20 µL). Immediately 
evolution of gas (methane) was observed. After 1 hour at room temperature signals 
for  AlMe3-x(C6F5)x  started  to  appear.  After  2  hours  they  became  the  major 
C6F5-containing species. The NMR tube was placed in an oven at 60°C. After 2 
hours, solvents and volatiles were evaporated under reduced pressure and 2.2 was 
completely  converted  into  a  mixture  of 
Al(C6F5)3(Et3N) : AlMe2(C6F5) : AlMe2(C6F5)(Et3N) : AlMe(C6F5)2  in  a  ratio 
4:4:2:1. 
1H  NMR  (400 MHz,  toluene-d8,  d):  2.27  (q,  JHH = 7.3 Hz,  NCH2CH3,  6H, 
AlMe2(C6F5)Et3N), 2.52 (q, JHH = 7.3 Hz, NCH2CH3, 6H, AlMe2(C6F5)Et3N), 0.60 
(t, JHH = 7.2 Hz, NCH2CH3, 9H), 0.59 (t, JHH = 7.2 Hz, NCH2CH3, 9H), 0.05 (s, 
AlCH3, 3H, AlMe(C6F5)2), -0.08 (s, AlCH3, 6H, AlMe2(C6F5)), -0.28 (s, AlCH3, 
6H, AlMe2(C6F5)Et3N). 
19F NMR (375 MHz, toluene-d8, d) of AlMe2(C6F5)(Et3N): 
-119.3 (d, JFF = 19.7 Hz, o-F, 2F), -155.7 (t, JFF = 19.7 Hz, p-F, 1F), -162.5 (br, m-
F, 2F). Al(C6F5)3(Et3N): -119.6 (d, JFF = 20.6 Hz, o-F, 6F), -154.2 (t, JFF = 18.5 Hz, 
p-F, 3F), -162.0 (JFF = 20.9 Hz, o-F, 6F). AlMe2(C6F5): -122.7 (d, JFF = 20.9 Hz, o-
F, 2F), -150.5 (t, JFF = 20.0 Hz, p-F, 1F), -160.7 (br, m-F, 2F). AlMe(C6F5)2: -122.3 
(br o-F, 4F), -150.7 (t, JFF = 19.3 Hz, p-F, 2F), -160.9 (br, m-F, 4F). 
In a separate experiment [Et3NH][p-HOC6H4B(C6F5)3] (2.2, 20 µmol, 14 mg) in 
0.5 mL of toluene-d8 was treated with one equivalent of AlMe3 (20 µmol, 2 µL). 
Immediately, one equivalent of CH4 (20 µmol) was released (measured by Töpler 
pump). Another equivalent of TMA was added to the NMR tube with release of a 
second equivalent (20 µmol) of CH4 (measured by Töpler pump). The reaction was 
monitored via NMR: within 1 hour at room temperature, signals for AlMe3-x(C6F5)x 
appeared  and  after  2  hours  at  room  temperature  they  became  the  major 
C6F5-containing species. The NMR tube was placed in an oven at 60°C. After 2 
hours, 2.2 was completely converted to AlMe3-x(C6F5)x species as identified by 
NMR.  
 
Reaction of [Et4N][p-HOC6H4B(C6F5)3] (2.3) with AlMe3 in toluene. 
An NMR tube containing 15 mg of [Et4N][p-HOC6H4B(C6F5)3] (2.3, 20 µmol) was 
attached to a vacuum line. Toluene (0.5 mL) and an excess of TMA (100 µmol, 
10 µL) were condensed into the NMR tube at -196°C. The reaction mixture was Generation of well-defined silica-supported ammonium borate activators 
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left  at  room  temperature  until  gas  evolution  had  ceased.  Evolution  of  one 
equivalent  of  methane  (20  µmol)  was  measured  by  means  of  a  Töpler  pump. 
Solvent and volatiles were removed under reduced pressure. The white solid was 
redissolved  in  0.5 mL  CD2Cl2  to  give  a  clear  solution  of 
[Et4N][(p-Me2AlOC6H4)B(C6F5)3] (2.8). 
1H  NMR  (400 MHz,  CD2Cl2,  d):  7.20  (d,  JHH = 7.6 Hz,  C6H4,  2H),  6.71  (d, 
JHH = 7.9 Hz,  C6H4,  2H),  3.10  (q,  JHH = 6.7 Hz,  NCH2CH3  8H),  1.26  (t, 
JHH = 6.3 Hz, NCH2CH3 12H), -0.58 (s, AlCH3, 6H). 
19F NMR (375 MHz, CD2Cl2, 
d): -131.5 (d, JFF = 20.8 Hz, o-F, 6F), -165.3 (t, JFF = 20.2 Hz, p-F, 3F), -168.2 (t, 
JFF = 18.8 Hz, m-F, 6F). 
 
Reaction of[Et3NH][B(C6F5)4] (2.1) with Al(i-Bu)3 in THF-d8.  
A  THF-d8  solution  (0.5 mL)  of  [Et3NH][B(C6F5)4]  (2.1,  20 µmol,  16 mg)  was 
reacted with a 10-fold molar excess of Al(i-Bu)3 (200 µmol, 50 µL). The NMR 
tube  was  heated  to  60°C  for  12  hours  but  no  reaction  of  2.1  with  Al(i-Bu)3 
occurred. 
 
Reaction of [Et3NH][B(C6F5)4] (2.1) with Al(i-Bu)3 in toluene-d8.  
A toluene-d8 solution (0.5 mL) of [Et3NH][B(C6F5)4] (2.1, 20 µmol, 16 mg) was 
treated with 10-fold molar excess of Al(i-Bu)3 (200 µmol, 50 µL). Upon heating to 
80°C for 16 hours, a mixture of Al(i-Bu)3-x(C6F5)x species had formed. One of the 
products was identified as Al(i-Bu)2(C6F5).  
1H NMR (400 MHz, toluene-d8, d): 1.96 (m, JHH = 6.7 Hz, AlCH2CH, 2H), 1.01 (d, 
JHH = 6.9 Hz, AlCH2CHCH3, 12H), 0.30 (d, JHH = 7 Hz, AlCH2CH, 4H). 
19F NMR 
(375 MHz, toluene-d8, d): -120.9 (br, o-F, 2F), -152.7 (t, JFF = 20.3 Hz, p-F, 1F), -
161.8 (br, m-F, 2F). 
 
Reaction of [Et3NH][p-HOC6H4B(C6F5)3] (2.2) with Al(i-Bu)3 in toluene-d8. 
In an NMR tube a toluene suspension (0.5 mL) of [Et3NH][p-HOC6H4B(C6F5)3] 
(2.2, 11 µmol, 8 mg) was treated with one equivalent of TIBA (11 µmol, 2.85 µL). 
After 30 minutes the solvent was evaporated and the product dissolved in 0.5 mL 
of  C6D5Br.  NMR  data  indicated  formation  of 
[Et3NH][p-(CH2CHMe2)2AlO(C6H4)B(C6F5)3] (2.10).  
1H  NMR  (400 MHz,  C6D5Br,  d):  7.55  (d,  JHH = 7.7 Hz,  C6H4,  2H),  6.97  (d, 
JHH = 7.6 Hz, C6H4, 2H), 4.18 (br, NH, 1H), 2.40 (q, JHH = 6.7 Hz, NCH2CH3 6H), 
1.91 (m, JHH = 6.9 Hz, AlCH2CH, 2H), 0.88 (d, JHH = 6.9 Hz, AlCH2CHCH3, 12H), 
0.72 (t, JHH = 7.2, Hz, NCH2CH3 9H), 0.28 (d, JHH = 6.9 Hz, AlCH2CH, 4H). 
19F 
NMR  (375 MHz,  C6D5Br,  d):  -132.1  (d,  JFF = 20.1 Hz,  o-F,  6F),  -164.0  (t, 
JFF = 21 Hz, p-F, 3F), -167.4 (t, JFF = 19.3 Hz, m-F, 6F). 
In a separate experiment, a toluene-d8 suspension of [Et3NH][p-HOC6H4B(C6F5)3] 
(2.2, 11 µmol, 8 mg) was treated with an excess of TIBA (100 µmol, 25µL). After CHAPTER 2 
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one day at room temperature, only 2.10 had formed with release of one equivalent 
of isobutane. Upon heating to 80°C for 3 hours, a mixture of Al(i-Bu)3-x(C6F5)x 
species had formed. One of the compounds was identified as Al(i-Bu)2(C6F5). For 
NMR data, see above. 
 
Determination of the surface hydroxyl content on silica. 
Method A 
A  flask  containing  a  suspension  of  silica  (100 mg,  Sylopol  948,  Tcalc. = 600°C, 
surface area = 304 m
2/g) in dry toluene (5 mL) was attached to a vacuum line. 
AlMe3 (TMA, 0.5 mmol, 0.05 mL) was transferred in vacuum into the reaction 
flask. The mixture was stirred at room temperature until gas evolution had ceased. 
The amount of methane evolved was measured by means of a Töpler pump. The 
measurement was repeated three times. The values are given in Table 2.2. The 
silica surface hydroxyl content (0.82 ± 0.017 mmol OH/gSiO2) was calculated using 
the ideal gas law.  
 
Table 2.2 Silica surface hydroxyl content determination. 
  Exp. 1  Exp. 2  Exp. 3 
CH4 (mmol)  0.083  0.080  0.083 
mmol OH/gSiO2  0.83  0.80  0.83 
 
Method B 
Silica (100 mg, Sylopol 948, Tcalc. = 600°C, surface area = 304 m
2/g) was slurried 
in  dry  toluene  (5 mL).  Then,  HN(SiMe3)2  (HMDS,  0.15 mmol,  0.032 mL)  was 
added via syringe. The reaction flask was placed in an oil bath and heated to 50°C. 
The slurry was stirred at this temperature for 5 hours. The slurry was dried under 
reduced pressure until a free flowing powder was obtained. The amount of Si-OH 
groups was deduced from C elemental analysis (0.83 ± 0.0039 mmol OH/ gSiO2). 
The measurement was repeated two times. 
Anal. Found: SiOSi(CH3)3: exp.1) C 3.01%; H 0.75%; exp.2) C 2.99%; H 0.77%. 
 
Preparation of Al(i-Bu)3-modified silica support. 
Silica (1g, Sylopol 948, Tcalc. = 600°C, surface area = 304 m
2/g) was slurried in 
n-hexane  (5 ml).  Subsequently,  Al(i-Bu)3 (1.66 mol,  0.61 mL)  was  added  while 
stirring using a dropping funnel and the slurry was allowed to stand overnight at 
room  temperature.  The  silica  was  washed  with  n-hexane  (3×10 mL)  and  dried 
under reduced pressure until a free-flowing powder was obtained. The Al-content 
was determined by Al elemental analysis.  
Anal. Found: Al, 2.15% (0.80 mmol/gSiO2); C 7.76% (6.5 mmol/gSiO2); H 1.41% 
(14.0 mmol/gSiO2).  Anal.  Calcd.:  Al  2.23%  (0.82 mmol/gSiO2);  C  7.93% Generation of well-defined silica-supported ammonium borate activators 
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(6.6 mmol/gSiO2);  H  1.49%  (14.8 mmol/gSiO2).  These  values  were  calculated 
assuming that each Al bears two i-Bu groups. 
 
Immobilization  and  quantification  of  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  on 
Al(i-Bu)3-modified silica support in C6D5Br (NMR experiment). 
Al-charged silica (38 mg, 31  mol of Al) was reacted with a C6D5Br solution of 
[Et3NH][p-HOC6H4B(C6F5)3]  (2.2, 31 µmol,  22 mg)  containing  Cp2Fe  (28  mol, 
5 mg) as internal standard. Formation of isobutane was immediately observed.  
Evolution of isobutane had ceased after 4 hours, at which point an amount had 
been produced equivalent to 30% of the Al present on the support. After this initial 
phase, a slow further decrease in the concentration of borate activator without an 
accompanying increase of isobutane in solution was observed, indicating that a 
slow physisorption process occurs. After 20 hours, 30% of the initial borate was 
chemically tethered to the support, 50% was left unreacted in solution and 20% 
was physisorbed on the silica support (Table 2.3). 
1H  NMR  (400  MHz,  C6D5Br,  d):  7.44  (d,  JHH = 7.3 Hz,  C6H4,  2H),  6.45  (d, 
JHH = 8.4 Hz,  C6H4,  2H),  4.63  (br,  OH,  1H),  4.42  (s,  NH,  1H),  2.30  (q, 
JHH = 7.3 Hz,  N(CH2CH3)3,  6H),  1.63  (m,  JHH = 6.6 Hz,  CH3CH,  1H),  0.83  (d, 
JHH = 6.6 Hz, CHCH3, 9H), 0.64 (t, JHH = 7.3 Hz, N(CH2CH3)3, 9H). 
 
Table 2.3 Quantification of supported borate activator 2.2 on silica in C6D5Br. 
t  i-BuH evolved 
 mol (%mol) 
unreacted borate 
 mol (%mol) 
physisorbed borate 
 mol (%mol) 
0.5h  7 (22%)  24 (77%)  - 
2h  8 (26%)  23 (74%)  - 
4h  8 (27%)  22 (71%)  0.6 (2%) 
22h  9 (30%)  15 (48%)  7 (22%) 
 
Immobilization  and  quantification  of  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  on 
Al(i-Bu)3-modified silica support in C6D6 (NMR experiment). 
Al-charged  silica  (38 mg,  31  mol  of  Al)  was  treated  with  one  equivalent  of 
[Et3NH][p-HOC6H4B(C6F5)3]  (2.2, 31 µmol,  22 mg)  containing  Cp2Fe  (28  mol, 
5 mg) as internal standard. Formation of isobutane was immediately observed.  
Evolution of isobutane had ceased after four hours, at which point an amount had 
been produced equivalent to 26% of the Al present on the support. No borate was 
observed in solution due to its poor solubility in apolar solvents. The remaining 
74% can either be physisorbed on the support or left unreacted (Table 2.4). 
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Table 2.4 Quantification of supported borate activator 2.2 on silica in C6D6. 
t  i-BuH evolved 
 mol (%mol) 
unreacted/physisorbed borate 
 mol (%mol) 
0.5h  2 (8%)  28 (92%) 
1.5h  6 (21%)  24 (79%) 
4h  8 (25%)  23 (75%) 
20h  9 (26%)  22 (74%) 
 
Synthesis  of  SiO2/Al(i-Bu)3/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11)  on  a 
preparative scale. 
In  a  double  Schlenk  vessel,  Al-modified  silica  (1 g,  0.96 mmol  Al/gSiO2)  was 
slurried in toluene (20 mL) at room temperature. To the slurry, 20% (with respect 
to the amount of supported Al) of [Et3NH][p-HOC6H4B(C6F5)3] (2.2, 0.16 mmol, 
0.11 g) was added. The reaction mixture was heated to 70°C for 1 hour to facilitate 
dissolution of the borate in solution and left to react overnight at room temperature. 
The resulting white solid was filtered, washed with warm toluene (5×20 mL) and 
dried  under  reduced  pressure  until  a  white  flowing  powder  was  obtained.  The 
amount of supported borate was determined by elemental analysis. 
Anal. Found: Al 2.58%; C 15.40%; H 1.81%; N 0.30%; B 0.22%. Calcd. values: Al 
2.58%; C 15.22%; H 1.95%; N 0.27%; B 0.21%. These values were calculated 
assuming that 80% of Al centers bears two i-Bu groups and 20% of Al centers 
bears one i-Bu group and one borate group. 
20 mg of the modified silica was suspended in 0.5 mL of C6D5Br. In the 
1H NMR 
spectrum,  no  signal  for  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  was  observed, 
indicating that all of 2.2 is chemically bound to the support. 
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Chapter 3 
Towards well-defined 
supported catalysts: 
activation and immobilization 
of Cp
*
2ZrMe2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For  the  efficient  use  of  new  generations  of  single-center  olefin  polymerization 
catalysts in slurry and gas-phase processes, it is necessary to immobilize these 
active species on solid support materials. Although many approaches to this issue 
have been taken, there are very few methods that allow a study of the nature, 
quantity, stability and behavior of the active species on the support.  
This chapter aims for a well-defined and quantifiable method for the generation of 
catalytically  active  species  on  silica  supports  using an  immobilized  ammonium 
borate activator. The principle of this approach is illustrated on the decamethyl 
zirconocene alkyl single-center catalyst system. 
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3.1   Introduction 
 
Although many approaches to immobilize single-center olefin polymerization 
catalysts have been developed,
1 there is as yet little reliable information on the 
ways  in  which  the  immobilization  process  influences  the  catalyst  performance. 
Immobilization  is  usually  accompanied  by  changes  to  the  performance  of  the 
catalysts, when compared to their behavior in solution, that in most cases are not 
yet  well  understood.  In  order  to  understand  the  effects  of  the  immobilization 
process  on  catalyst  behavior,  a  well-defined  and  quantifiable  system  for 
immobilization that can serve as a basis for such studies would be highly desirable. 
In Chapter 2, a procedure to generate a well-defined silica support with a known 
amount of chemically linked Brønsted acid activator was described. Reaction of the 
phenolic  borate  cocatalyst  [Et3NH][p-HOC6H4B(C6F5)3]  (2.2)  with  a  modified 
silica with a specific amount of Al-isobutyl functionalities on its surface afforded 
the  supported  activator  SiO2/Al(i-Bu)3/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11).  This 
can be used in reactions with transition-metal alkyl compounds to generate the 
cationic active species.
2 
In this research, the permethyl zirconocene dimethyl complex Cp
*
2ZrMe2 (3.1)
3 
was employed as model catalyst precursor. It is well documented in the literature
4 
that combination of the catalyst precursor 3.1 with various boron-based cocatalysts 
results in the quantitative formation of isolable and discrete ion pairs for olefin 
polymerization catalysis. In a similar manner, activation of 3.1 by the supported 
cocatalyst 3.1 via protonolysis of the Zr-Me bond should lead to the formation of 
the cationic zirconocene methyl complex [Cp
*
2ZrMe]
+.
4 To be able to identify and 
quantify the activated species, which are confined to the support by electrostatic 
interactions,  allyl  methyl  thioether  (AMT)  was  used  as  “trapping  agent”. 
Previously,  it  was  reported
5  for  solution  phase  reactions  that  generation  of  the 
activated  catalyst  [Cp
*
2ZrMe]
+  in  the  presence  of  AMT  leads  to  quantitative 
formation  of  a  stable  and  well-defined  5-membered  chelate  compound 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+, which is thermally stable and unreactive towards 
further substrate. This reaction proceeds via insertion of the functionalized olefin 
into the Zr-Me bond of [Cp
*
2ZrMe]
+, a step representative of the C-C bond forming 
process in catalytic olefin polymerization, followed by intramolecular coordination 
of the sulphur atom to zirconium. As the aim is to investigate the quantity and 
nature  of  supported  activated  species,  the  formation  of 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+ can be used to quantify the amount of precatalyst 
3.1  that  has  been  converted  on  the  support  into  species  active  for  olefin 
polymerization.  
In this chapter, we aim for the development of a novel procedure to study the 
immobilization of group 4 olefin polymerization catalysts by using common NMR 
spectroscopy techniques. In section 3.2, characterization and quantification of the Towards well-defined supported catalysts: activation and immobilization of Cp*2 ZrMe2 
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activated species for the homogeneous system [Et3NH][B(C6F5)4]/Cp
*
2ZrMe2/AMT 
is described. To establish a good comparison between the supported species and 
their homogeneous counterparts, section 3.3 focuses on the quantification of the 
supported  activated  species  generated  by  reaction  of 
SiO2/Al(i-Bu)3/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11)  with  precatalyst  3.1  in  the 
presence of substrate.  
 
3.2   Quantification of well-defined zirconocene species 
in solution 
 
Reaction of a C6D5Br solution of 3.1 with the borate activator [Et3NH][B(C6F5)4] 
(2.1),  in  the  presence  of  the  olefinic  substrate  AMT  resulted  in  a  dark  orange 
solution. Instantaneous formation of compound 3.2 occurred via protonation of one 
of the Zr-Me groups of 3.1 to generate the cationic species [Cp
*
2ZrMe]
+ followed 
by insertion of the olefin into the Zr-Me bond and intramolecular coordination of 
the sulphur atom to the Zr center (Scheme 3.1).  
 
 
Scheme 3.1 
 
The NMR spectroscopic characteristics of the zirconocene cation are the same as 
previously  reported  in  literature.
5  In  the 
1H  NMR  spectrum,  formation  of  the 
chelate cation is evidenced by the characteristic resonances of the diastereotopic 
protons of the Zr-CH2 and S-CH2 fragments. Additionally, the CH3 groups of the 
diastereotopic  pentamethylcyclopentadienyl  rings  appear  as  two  singlets  of  the 
same intensity at δ 1.58 ppm and δ 1.62 ppm.   
Although  ionic  species  are  generally  conveniently  soluble  in  polar  solvents, 
bromobenzene is not a practical solvent for use in olefin polymerization. Thus, a 
less  polar  solvent  (benzene-d6),  more  representative  of  practical  catalyst 
preparation routines, was used. Reaction of a benzene-d6 solution of 3.1 with one 
equivalent  of  AMT  and  one  equivalent  of  2.1  afforded  a  dark  orange  oily 
precipitate.  At  this  point,  characterization  of  the  resulting  reaction  mixture  by 
NMR  spectroscopy  was  hampered  by  the  low  solubility  of  the  ion  pair  3.2  in 
benzene-d6. In order to determine the amount of 3.1 that had been converted into 
cationic species, compound 3.2 has to be released in solution. For this purpose, the CHAPTER 3 
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ionic nucleophile [(n-C4H9)4N]Br was added to the NMR tube, resulting in a clear 
yellow solution. Analysis of the reaction mixture by 
1H and 
13C NMR spectroscopy 
indicates quantitative formation of the neutral species 3.3 (Scheme 3.2) by addition 
of  the  anionic  nucleophile  Br
-  to  the  cationic  Zr-center  of  3.2,  in  which  the 
thioether moiety is displaced from the metal. 
 
 
Scheme 3.2 
 
While for the cationic complex 3.2 two distinct resonances can be observed for 
the pentamethylcyclopentadienyl ligands (
1H NMR: δ 1.58 ppm and δ 1.62 ppm; 
13C  NMR:  C5Me5  at  δ 11.2 ppm  and  δ 11.0 ppm,  C5Me5  at  δ 124.9 ppm  and 
δ 124.7 ppm), for the neutral species 3.3 only one (slightly broadened) resonance 
for the two Cp
* rings is observed at δ 1.81 ppm in the 
1H NMR spectrum and at 
δ 121.1 ppm  (C5Me5)  and  δ 12.8 ppm  (C5Me5)  in  the 
13C  NMR  spectrum. 
Apparently,  the  effect  of  the  asymmetric  carbon  center  on  these  resonances  is 
weaker in the linear chain of 3.3 than in the chelate of 3.2. The diastereotopic 
protons  of  the  S-CH2  group  are  observed  at  δ 2.97 ppm  and  δ 2.12 ppm,  the 
corresponding carbon is found at δ 47.1 ppm. When compared to the 
1H NMR 
resonances of the zirconocene chelate cation 3.2 (δ -1.10 ppm and δ 1.97 ppm), the 
diastereotopic protons of Zr-CH2 group are clearly shifted downfield at δ 0.17 ppm 
and 0.20 ppm. The corresponding carbon is found at δ 64.8 ppm.  
The experiment was also carried out in the polar solvent C6D5Br under the same 
conditions  as  described  above.  Reaction  of  a  C6D5Br  solution  of  3.2  with  one 
equivalent  of  the  ionic  nucleophile  [(n-C4H9)4N]Br  resulted  in  the  quantitative 
formation of the corresponding neutral species 3.2 as a yellow solution (Scheme 
3.2). The 
1H NMR spectrum is comparable to the one described for the formation 
of  3.3  in  a  benzene-d6  solution.  The  signal  for  C5Me5  is  observed  at 
δ 1.83 + 1.84 ppm, the corresponding carbon resonances are found at δ 120.6 ppm 
(C5Me5) and 12.1 ppm (C5Me5). The diastereotopic protons of the SCH2 group are 
found  at  δ 2.80 pm  and  δ 1.98 ppm,  the  corresponding  carbon  is  found  at 
δ 46.4 ppm.  The  protons  of  the  Zr-CH2  group  appear  at  δ 0.11 ppm,  the 
corresponding carbon is found at δ 64.0 ppm.  
These experiments indicate that activation of 3.1 with [Et3NH][B(C6F5)4] (2.1) in 
the presence of an olefinic substrate (AMT) to trap the cationic alkyl species leads 
to quantitative formation of the AMT insertion product 3.2 in both polar (C6D5Br) Towards well-defined supported catalysts: activation and immobilization of Cp*2 ZrMe2 
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and apolar (C6D6) solvents. The cationic species 3.2 is quantitatively converted into 
the neutral bromide derivative 3.3 by addition of the nucleophile [(n-C4H9)4N]Br. 
The solubility of 3.3 in both bromobenzene and benzene offers the possibility to 
determine the amount of 3.1 that had been transformed into catalytically active 
species,  even  in  apolar  solvents.  This  suggests  that  the  same  approach  can  be 
applied  to  characterize  and  quantify  the  active  species  generated  during  the 
preparation  of  supported  catalyst  systems.  The  next  section  describes  the 
immobilization  of  3.1  on  the  silica-supported  borate  activator 
SiO2/Al(i-Bu)3/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11)  in  the  presence  of  AMT 
followed by quantification of the immobilized cationic zirconocene species. 
 
3.3   Quantification of well-defined supported cationic 
zirconocene compounds via nucleophile addition 
 
In order to quantify the activation efficiency of the supported cocatalyst, the 
borate modified-silica was reacted with the precatalyst 3.1 in the presence of allyl 
methyl thioether (to trap the cationic alkyl species). Desorption of the immobilized 
cationic  Zr  complex  [Cp
*
2Zr(CH2CH(CH3)CH2SCH3)]
+  by  treatment  with  a 
nucleophile in the presence of an internal standard (ferrocene) on NMR-tube scale 
allows us to study and quantify the immobilization of the activated species. 
In an NMR tube, the supported borate activator 2.11, previously prepared and 
characterized (see Chapter 2), was treated with a C6D5Br solution containing one 
equivalent  of  3.1  (with  respect  to  the  amount  of  supported  borate)  and  one 
equivalent of substrate AMT (with respect to the amount of Zr) to generate the 
cationic zirconocene species [Cp
*
2Zr(CH2CH(Me)CH2SMe)]
+ in the presence of 
ferrocene (for quantification). This resulted in an orange-colored support, which 
already  gives  indication  of  immobilization  of  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  
(Scheme 3.3).  
The reaction was monitored by 
1H NMR spectroscopy over a period of 4 hours. 
After 1 hour at room temperature, the 
1H NMR spectrum showed a rapid equimolar 
decrease in the concentration of 3.1 and AMT in solution, accompanied by release 
of methane and triethylamine. At this point, approximately 70% of 3.1 (and an 
equimolar amount of AMT) had reacted with the support 2.11. After this initial 
phase, a slower equimolar decrease of 3.1 and AMT in solution was observed. 
Within  4  hours,  all  of  3.1  and  AMT  had  disappeared  from  solution  and  one 
equivalent of triethylamine had been released into solution, indicating that all of 
the  immobilized  activator  2.11  was  able  to  react  with  the  metallocene  dialkyl 
precursor (Table 3.1).  
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B(C6F5)3 Et3NH O
(i Bu)Al
O
Cp2
*ZrMe2  CH4
 Et3N
(3.1)
B(C6F5)3 O
(i Bu)Al
O
(3.4)
(2.11)
SiO2
SiO2
Zr
S
S
C6D5Br
 
Scheme 3.3 
 
Table 3.1 Quantification of silica-immobilized zirconocene using AMT. 
t  3.1 in solution 
 mol (%) 
AMT in solution 
 mol (%) 
NEt3 in solution 
 mol (%) 
1h  2.1 (30%)  2.1 (30%)  4.9 (70%) 
2h  1.4 (20%)  1.4 (20%)  5.6 (80%) 
3h  0.91 (13%)  1.0 (15%)  6.1 (87%) 
4h  0%  0%  7.0 (100%) 
t= contact time between silica and 3.1+AMT solution; 7  mol of 3.1 were used; borate : 3.1 
ratio is 1:1; AMT : 3.1 ratio is 1:1; solvent: C6D5Br; room temperature. 
 
The 
1H NMR spectrum only shows resonances for ferrocene (d 4.05 ppm) and 
free  triethylamine  (d 2.40 ppm  NCH2  and  d 0.95 ppm  NCH2CH3)  in  solution, 
indicating that, at this stage, the cationic species [Cp
*
2Zr(CH2CHMeCH2SMe)]
+ is 
confined to the support by electrostatic interactions.  
As apolar solvents (e.g. benzene) are usually employed during the preparation of 
the  catalyst  and  in  the  polymerization  process,  immobilization  of  3.1  (in  the 
presence  of  AMT)  on  the  supported  activator  2.11  was  also  performed  in 
benzene-d6  under  the  same  conditions  as  described  above.  Reaction  of  the 
supported borate activator 2.11 with one equivalent of 3.1 in the presence of AMT 
and ferrocene (as internal standard) afforded an orange-colored support. After 4 
hours, all of 3.1 had disappeared from solution and one equivalent per Zr of allyl 
methyl thioether had been consumed. This process was accompanied by release of 
one equivalent of methane and one equivalent of triethylamine in solution.  
In  order  to  quantify  the  amount  of  3.1  that  had  been  transformed  into 
catalytically active species and identify possible side products (if any), release of 
the immobilized zirconium species 3.4 in solution was contemplated in two ways. 
One was ion exchange, where an excess of a salt containing a non-nucleophilic Towards well-defined supported catalysts: activation and immobilization of Cp*2 ZrMe2 
  63 
anion  was  added  to  the  solution.  For  this  purpose,  the  borate  salt 
[(n-C4H9)4N][BPh4] (3.5) was synthesized according to a literature procedure,
6 but 
probably because of its extremely poor solubility in both polar (C6D5Br) and apolar 
(C6D6) solvents, release of the chelate complex [Cp
*
2Zr(CH2CHMeCH2SMe)]
+ in 
solution was not observed. To increase the solubility of the borate salt, the tetra(n-
heptyl)ammonium borate salt [(n-C7H15)4N][BPh4] (3.6) was synthesized using the 
same procedure as used to synthesize the analogous tetrabutylammonium salt [(n-
C4H9)4N][BPh4].
6 Upon addition of an excess of 3.6 to a C6D5Br suspension of 
supported  metallocene  3.4,  only  27%  of  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  (with 
respect to the initial amount of 3.1) was released into solution as the ion pair 3.7 
(Scheme 3.4). 
 
O
(i Bu)Al
O
B(C6F5)3
O
(i Bu)Al
O
B(C6F5)3
BPh4 +
[(n C7H15)4N]
[(n C7H15)4N][BPh4]
(3.6)
(3.7)
27% in solution
SiO2
SiO2
(3.4)
Zr
S
Zr
S
 
Scheme 3.4 
 
In the 
1H NMR spectrum, the o-, m- and p-H of the [BPh4]
- anion are found, 
respectively,  at  δ 7.79 ppm,  7.19 ppm  and  7.04 ppm.  The  NMR  spectral 
characteristics of the zirconocene cation are identical to those of the same cation 
generated directly in solution (Scheme 3.1).
5 However, the resonance for one of the 
diastereotopic  protons  of  the  S-CH2  group  overlaps  with  the  ammonium 
[(n-C7H15)4N] cation. This experiment suggests that either only a small fraction of 
zirconocene  is  converted  into  potentially  catalytically  active  species  or,  more 
probably,  the  metallocene  cation  is  preferentially  adsorbed  to  the 
anion-functionalized  support  (compared  to  the  tetraalkyl-ammonium  ion). 
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exchange is  hampered  by  the  poor solubility  of  3.6  and ion  pair  3.7 in  apolar 
solvents.  
Thus, for quantitative release of the metallocene species in both polar and apolar 
solutions, it was necessary to add an ionic nucleophile that reacts with the cationic 
chelate  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  to  give  a  neutral 
Cp
*
2Zr(Nu)(CH2CHMeCH2SMe)  species  (Nu = nucleophile)  that  is  no  longer 
confined to the support by electrostatic forces (Scheme 3.5).  
Reaction  of  a  C6D5Br  suspension  of  the  supported  metallocene  3.4  with  the 
nucleophile [(n-C4H9)4N]Br resulted in a fast discoloration of the support from dark 
orange to pale yellow. 
1H NMR spectroscopy confirmed the quantitative recovery 
of the metallocene in solution as the neutral Cp
*
2Zr(Br)(CH2CHMeCH2SMe) (3.3) 
(Scheme 3.5).  
 
O
(i Bu)Al
O
B(C6F5)3
+ O
(i Bu)Al
O
B(C6F5)3
NBu4
NBu4Br
100% in solution
SiO2
SiO2
(3.3)
Zr
Br
S
(3.4)
Zr
S
C6D5Br
 
Scheme 3.5 
 
Similar results  were  obtained  when  benzene-d6  was  used  as  a  solvent  in  the 
metallocene immobilization and release steps. Reaction of a C6D6 suspension of 3.4 
with [(n-C4H9)4N]Br afforded quantitative release of 3.3 in solution, indicating that 
activation (with concomitant immobilization) and subsequent olefin insertion are 
fully quantitative, also in a solvent less polar than bromobenzene. 
Thus, formation of the neutral species 3.3 by addition of the appropriate anionic 
nucleophile followed by a fast desorption from the support represents a feasible 
approach  to  investigate  the  quantity,  nature  and  eventually  the  stability  of  the 
immobilized activated species. Quantitative formation of 3.3 indicates that (a) the 
zirconocene cationic species generated on the support are, in principle, capable of Towards well-defined supported catalysts: activation and immobilization of Cp*2 ZrMe2 
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quantitatively  inserting  an  olefinic  substrate  and  (b)  the  borate-functionalized 
support is capable of quantitatively activating the zirconocene precursor. 
 
3.4   Conclusions 
 
A reproducible and reliable quantification procedure for the immobilization and 
stabilization of single-center olefin polymerization catalysts based on the supported 
activator  system  SiO2/Al(iBu)3/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11)  was 
developed.  It  was  shown  that  immobilized  catalytically  active  species  can  be 
stabilized by addition of an olefinic trapping substrate (AMT) and quantified by 
fast  desorption  from  the  support  using  an  anionic  nucleophile  and  NMR 
spectroscopy techniques. This method could then also be used to determine the 
shelf-life of activated supported zirconocene catalysts by addition of the trapping 
agent (AMT) after a specified time interval following the activation/immobilization 
step. Based on the amount of AMT and catalyst precursor consumed, and desorbed 
activated  species  formed  (after  nucleophile  addition),  it  should  be  feasible  to 
determine the evolution of the concentration of the catalytically active species on 
the support vs. time. Comparison with analogous homogeneous processes should 
provide  additional  information  on  possible  catalyst  deactivation  products  and 
mechanisms. 
Thus,  the  supported  activator  system 
SiO2/Al(iBu)3/[Et3NH][p-HOC6H4B(C6F5)3] (2.11), in conjunction with the use of 
an olefinic trapping agent to capture catalytically active species, should provide a 
well-defined  and  quantifiable  method  to  study  the  effect  of the  immobilization 
process on the nature and stability of cationic zirconocene catalysts. 
 
3.5   Outlook 
 
The method that has been elaborated here gives a unique opportunity to study the 
behavior and stability of cationic active catalyst species on a support surface in a 
quantitative manner. We expect this approach to be a useful and easy-to-use tool to 
learn more, in a quantitative manner, about the nature and the behavior of a range 
of  supported  organometallic  catalysts.  Moreover,  this  method  allows  us  to 
investigate the stability of the activated catalyst species in the absence of olefinic 
substrates, as will be described in the next chapter,. This feature determines the 
shelf-life  of  activated  immobilized  catalysts,  an  important  parameter  for  their 
practical applicability.  
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3.6   Experimental section 
 
General considerations. For the experiments described in this chapter, the same 
considerations are valid as described in Chapter 2. The 
1H, 
1H-COSY NMR spectra 
and 
1H, 
13C-HSQC  NMR  spectra  were  recorded  on  a  Varian  Unity  500 
spectrometer. The compounds Cp
*
2ZrMe2 (3.1),
7 [(n-C4H9)4N][BPh4] (3.5),
6 [(n-
C7H15)4N][BPh4] (3.6)
6 were synthesized according to modifications of literature 
procedures. The reagent  3-(methylthio)-1-propene (AMT,  Aldrich)  was distilled 
from Na/K alloy before use. [(n-C4H9)4N]Br (Aldrich), prior to use, was dissolved 
in CH2Cl2, dried with Na2SO4, filtered and the solvent was removed under reduced 
pressure. 
NMR  data  for  Et3N. 
1H  NMR  (400 MHz,  C6D5Br,  d):  2.40  (q,  JHH = 7.1 Hz, 
CH3CH2N, 6H), 0.93 (t, JHH = 7.2 Hz, NCH2CH3, 9H). 
13C{
1H} NMR (75 MHz, 
C6D5Br, d): 46.3 (NCH2), 11.6 (NCH2CH3).  
1H  NMR  (300 MHz,  C6D6,  d):  2.41  (q,  JHH = 7.1 Hz,  NCH2CH3,  6H),  0.97  (t, 
JHH = 7.1 Hz, NCH2CH3, 9H). 
13C{
1H} NMR (75 MHz, C6D6, d): 47.1 (NCH2CH3), 
12.5 (NCH2CH3). 
NMR data for [(n-C4H9)4N][B(C6F5)4]. 
1H NMR (400 MHz, C6D5Br, d): 3.22 (t, 
JHH = 8 Hz, NCH2(CH2)2CH3, 8H), 1.48 (quint, JHH = 7.3 Hz, NCH2CH2CH2CH3, 
8H),  1.25  (sest,  JHH = 7.3 Hz,  N(CH2)2CH2CH3,  8H),  0.87  (t,  JHH = 7.3 Hz, 
N(CH2)3CH3, 12H). 
13C{
1H} NMR (75 MHz, C6D5Br, d): 150.4 (d, JCF = 245 Hz, 
o-CF), 140 (d, JCF = 246 Hz, p-CF), 138 (d, JCF = 245 Hz, m-CF), 124.1 (br, ipso-C 
B(C6F5)4),  58.3  (CH3(CH2)2CH2N),  23.3  (CH3CH2CH2CH2N),  19.4 
(CH3CH2(CH2)2N).  
 
Synthesis of [(n-C4H9)4N][B(C6H5)4] (3.5). 
In  a  double  Schlenk  vessel,  [(n-C4H9)4N]Br  (0.2 g,  0.6 mmol)  was  added  to  a 
solution of Na[B(C6H5)4] (0.1 g, 0.3 mmol) in THF (17 mL). After stirring for 1.5 
hours the solution was evaporated to dryness. H2O (10 mL) was added and the 
reaction mixture was stirred for 30 minutes. The solid was collected and washed 
with H2O (2×10 mL). The white solid was dried under reduced pressure. Yield: 
90% (0.27 mmol, 0.15 g).  
1H  NMR  (400 MHz,  THF-d8,  d):  7.30  (d,  JHH = 7.2 Hz,  o-H  Ph,  4H),  6.90  (t, 
JHH = 6.9 Hz,  m-H  Ph,  8H),  6.71  (t,  JHH = 7.3 Hz,  p-H  Ph,  8H),  2.91  (t, 
JHH = 8.1 Hz,  NCH2,  8H),  1.52  (m,  NCH2CH2,  8H),  1.30  (m,  JHH = 7.3 Hz, 
CH2CH3,  8H),  0.95  (t,  JHH = 7.2 Hz,  CH2CH3,  12H). 
13C{
1H}  NMR  (75 MHz, 
THF-d8,  d):  165.1  (q,  ipso-C),  137.4  (C  Ph),  126  (C  Ar),  122.2  (C  Ar),  59.3 
(NCH2), 24.8 (NCH2CH2), 20.7 (N(CH2)2CH2), 14.2 (CH2CH3).  
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Synthesis of [(n-C7H15)4N][B(C6H5)4] (3.6). 
In a double Schlenk vessel [(n-C7H15)4N]Cl (0.25 g, 0.54 mmol) was added to a 
solution of Na[B(C6H5)4] (0.1 g, 0.3 mmol) in THF (17 mL). After stirring for 1.5 
hour  the  solution  was evaporated  to  dryness.  H2O  (10 mL)  was  added  and the 
reaction mixture was stirred for 30 minutes. The solid was collected and washed 
with H2O (2x10 mL). The white solid was dried under reduced pressure. Yield: 
85% (0.25 mmol, 0.19 g).  
1H  NMR  (400 MHz,  THF-d8,  d):  7.29  (d,  JHH = 7.2 Hz,  o-H  Ph,  4H),  6.88  (t, 
JHH = 6.9 Hz,  m-H  Ph,  8H),  6.75  (t,  JHH = 7.3 Hz,  p-H  Ph,  8H),  2.81  (t, 
JHH = 7.8 Hz, NCH2, 8H), 1.45 (m, NCH2CH2, 8H), 1.30 (m, N(CH2)2CH2, 24H), 
1.23 (m, N(CH2)5CH2, 8H), 0.91 (t, JHH = 6.8 Hz, CH2CH3, 12H). 
13C{
1H} NMR 
(75 MHz, THF-d8, d): 165.1 (q, ipso-C), 137.4 (C Ph), 126.0 (C Ar), 122.2 (C Ar), 
59.4  (NCH2),  32.8  (NCH2CH2),  30  (N(CH2)2CH2),  27.3  (N(CH2)3CH2),  23.6 
(N(CH2)4CH2), 22.8 (N(CH2)5CH2), 14.6 (CH2CH3).  
 
Generation  of  [Cp
*
2Zr(CH2CHMeCH2SMe)][B(C6F5)4]  (3.2)  and 
Cp
*
2Zr(Br)(CH2CHMeCH2SMe) (3.3) in C6D5Br. 
In an NMR tube a C6D5Br solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 60  mol, 23 mg) 
was added, together with 6.6 µL of AMT (60  mol), to [Et3NH][B(C6F5)4] (2.1, 
60  mol, 47 mg). Immediately the formation of an orange colored solution was 
observed. [Cp
*
2Zr(CH2CHMeCH2SMe)][B(C6F5)4] (3.2) was formed quantitatively 
and  one  equivalent  of  Et3N  was  released.  Hydrolysis  of  3.2  with  methanol-d4 
yielded monodeuterated sec-butylmethylsulfide. GC-MS (EI, 70 eV): m/z 105 (M
 + 
44), 90 (3), 75 (5), 61 (100), 57 (45), 47 (18), 42 (25).  
1H NMR (400 MHz, C6D5Br, d): 2.31 (brm, CHCH3, 1H), 2.28 (ddd, JHH = 11.6 
Hz,  4.8  Hz,  3.4  Hz,  SCHH,  1H),  2.20  (d,  JHH = 12.6 Hz,  SCHH,  1H),  1.97  (t, 
JHH = 12.2 Hz, ZrCHH, 1H), 1.74 (s, SCH3, 3H), 1.62, 1.58 (s, C5Me5, 15H each), 
0.80  (d,  JHH = 6.2 Hz,  CHCH3,  3H),  -1.10  (ddd,  JHH = 12.9 Hz,  5.7 Hz,  3.1 Hz, 
ZrCHH, 1H). 
13C{
1H} NMR (75 MHz, C6D5Br, d): 124.9 (C5Me5), 124.7 (C5Me5), 
124.6, 74.0 (ZrCH2), 51.3 (CH2S), 37.9 (CH3CH), 27.6 (CHCH3), 16.5 (SCH3), 
11.2 (C5Me5), 11.0 (C5Me5).  
To  an  NMR  tube  containing  a  freshly  prepared  C6D5Br  solution  of  3.2  one 
equivalent  of  [(n-C4H9)4N]Br  (60  mol,  20 mg)  was  added.  Immediately  the 
solution turned yellow and compound 3.3 was formed quantitatively. 
1H NMR (400 MHz, C6D5Br, d): 2.85 (d, JHH = 9.8 Hz, SCHH, 1H), 2.05 (s, SCH3, 
3H), 1.93 (m, SCHH, 1H), 1.94 (m, CHCH3, 1H), 1.83, 1.84 (s, C5Me5, 15H each), 
1.10 (d, 3H, CHCH3, overlapping with CH3(CH2)3N), 0.11 (d, JHH = 5.3 Hz, ZrCH2, 
2H). 
13C{
1H}  NMR  (75  MHz,  C6D5Br,  d):  120.6  (C5Me5),  64.0  (ZrCH2),  46.4 
(CH2S),  34.5  (CHCH3),  24.7  (CHCH3),  15.7  (CH3S),  13.1  (CH3(CH2)3N),  12.1 
(C5Me5).  
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Generation of Cp
*
2Zr(Br)(CH2CHMeCH2SMe) (3.3) in apolar solvent (C6D6). 
In an NMR tube Cp
*
2ZrMe2 (3.1, 50  mol, 20 mg) was dissolved in 0.5 mL of C6D6 
and added together with an equimolar amount of AMT (5.5 µL, 50  mol) to one 
equivalent  of  [Et3NH][B(C6F5)4]  (2.1,  50  mol,  40 mg).  Immediately,  a  dark 
orange  oil  precipitated,  indicating  formation  of  an  ionic  compound  (3.2) 
accompanied by release of one equivalent of Et3N in solution. Hydrolysis of the 
reaction mixture with methanol-d4 afforded monodeuterated sec-butylmethylsulfide 
(see above).  
To an NMR tube containing freshly prepared 3.2 in benzene, one equivalent of 
[(n-C4H9)4N]Br (50 µmol, 16 mg) was added. The solution turned bright orange 
and  compound  3.3  was  readily  formed  accompanied  by  formation  of  an  oily 
precipitate ([(n-C4H9)4N][B(C6F5)4]).  
1H NMR (300 MHz, C6D6, d): 2.97 (d, JHH = 7.2 Hz, SCHH, 1H), 2.12 (m, SCHH, 
1H), 2.06 (s, SCH3, 3H), 1.96 (m, CHCH3, 1H), 1.81 (brs, C5Me5, 30H), 1.32 (d, 
JHH = 5.7 Hz, CHCH3, 3H), 0.20 (dd, JHH = 5.2 Hz, 13 Hz, ZrCHH, 1H), 0.17 (dd, 
JHH = 5.2 Hz,  13 Hz,  ZrCHH,  1H). 
13C{
1H}  NMR  (75 MHz,  C6D6,  d):  121.12 
(C5Me5), 64.81 (ZrCH2), 47.14 (CH2S), 35.31 (CHCH3), 25.44 (CHCH3), 16.12 
(CH3S), 12.82 (C5(CH3)5).  
 
Preparation of Cp
*
2Zr(Br)(CH2CHMeCH2SMe) (3.3). 
A benzene solution (5 mL) of Cp
*
2ZrMe2 (3.1, 100  mol, 40 mg) and AMT (11 µL, 
100 µmol)  was  treated  with  one  equivalent  of  B(C6F5)3  (100 µmol,  51 mg). 
Immediately a red oily precipitate was formed. After 20 minutes one equivalent of 
NBu4Br (100 µmol, 32 mg) was added to the reaction mixture resulting in a bright 
orange solution. Addition of 5 mL of pentane resulted in a white solid. The solution 
was  decanted  and  dried  under  reduced  pressure  to  yield  3.3  as  a  dark  yellow 
powder. Yield: 80% (80  mol, 44 mg). Anal. Calcd. for C25H41BrSZr: C 55.12%; H 
7.59%. Found: C 54.91%; H 7.43%. NMR data in C6D6 are as described above. 
 
Immobilization  of  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  and  subsequent  release  in 
solution of [Cp
*
2Zr(CH2CHMeCH2SMe)][BPh4] (3.7) (NMR tube experiment). 
In  an  NMR  tube  the  supported  activator  SiO2/Al(i-Bu)3/[Et3NH][p-
HOC6H4B(C6F5)3]  (2.11)  (30 mg,  bearing  7 µmol  of  borate  activator  2.2)  was 
contacted with a C6D5Br solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 7 µmol, 3 mg), an 
excess of AMT (14 µmol, 1.54 µl) and Cp2Fe (21 µmol, 4 mg) as internal standard. 
After 4 hours all of 3.1 had disappeared from solution. Subsequently an excess of 
[(n-C7H15)4N][BPh4]  (3.6,  14 µmol,  10 mg)  was  added  and  immediately 
[Cp
*
2Zr(CH2CHMeCH2SMe)][BPh4]  (3.7)  could  be  observed  in  solution.  Even 
after  2  hours,  only  partial  release  of  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  into  the 
solution (27% recovery as determined relative to ferrocene standard) was observed. Towards well-defined supported catalysts: activation and immobilization of Cp*2 ZrMe2 
  69 
Another portion of [(n-C7H15)4N][BPh4] (3.6, 28 µmol, 20 mg) was added, but this 
did not result in the release of more 3.7 into solution. 
1H NMR (400 MHz, C6D5Br, d): 7.81 (br, o-H BPh4, 8H), 7.19 (t, JHH = 7.3 Hz, m-
H BPh4, 8H), 7.04 (t, JHH = 7.3 Hz, p-H BPh4, 4H), 2.33 (br, (CH3CH2)3N, 6H), 
(CHMe, SCHH, ZrCHH not detected due to overlapping with [(CH3(CH2)6)4]N 
signals),  1.77  (s,  CH3S,  3H),  1.52,  1.55  (s,  C5Me5,  each  15H),  (CH3CH2N  not 
detected due to overlapping with [(CH3(CH2)6)4]N signals), 0.76 (d, JHH = 6.6 Hz, 
CHCH3, 3H), -1.16 (m, ZrCHH, 1H).  
 
Immobilization of [Cp
*
2Zr(CH2CHMeCH2SMe)]
+ and subsequent release into 
solution  of  Cp
*
2Zr(Br)(CH2CHMeCH2SMe)  (3.3)  in  C6D5Br  (NMR  tube 
experiment). 
In  an  NMR  tube  the  supported  activator  SiO2/Al(i-Bu)3/[Et3NH][p-
HOC6H4B(C6F5)3]  (2.11)  (30 mg,  bearing  7 µmol  of  borate  activator  2.2)  was 
contacted with a C6D5Br solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg), an 
excess  of  AMT  (14  mol,  1.54 µL)  and  Cp2Fe  (21  mol,  4 mg)  as  internal 
standard. Immediately the support turned deep orange, indicative for the formation 
and  immobilization  on  the  silica  of  the  cationic  trapped  species 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+. After 4 hours all of 3.1 and one equivalent per Zr 
of allyl methyl thioether had been consumed. Release of one equivalent of Et3N 
was observed (see above for NMR data). An excess of [(n-C4H9)4N]Br (28  mol, 
9 mg) was added to the NMR tube. Immediately a discoloration of the support to 
pale yellow was observed. After 1 hour quantitative recovery of 3.3 in solution was 
observed.  
1H NMR (400 MHz, C6D5Br, d): 2.86 (d, JHH = 9.5 Hz, SCHH, 1H), 2.05 (s, SCH3, 
3H),  1.98  (dd,  JHH = 9.9 Hz,  4 Hz,  SCHH,1H),  1.96  (m,  CHCH3,  1H),  1.84  (s, 
C5Me5, 30H), 1.16 (d, JHH = 5.5 Hz, CHCH3, 3H), 0.12 (m, ZrCH2, 2H).  
 
Immobilization of [Cp
*
2Zr(CH2CHMeCH2SMe)
+] and subsequent release into 
solution of Cp
*
2Zr(Br)(CH2CHMeCH2SMe) (3.3) in C6D6 (NMR experiment). 
In  an  NMR  tube  the  supported  activator  SiO2/Al(i-Bu)3/[Et3NH][p-
HOC6H4B(C6F5)3]  (2.11)  (30 mg,  bearing  7 µmol  of  borate  activator  2.2)  was 
contacted with 0.5 mL of C6D6 solution of Cp
*
2ZrMe2 (3.1, 7 µmol, 3 mg), AMT 
(14 µmol, 1.54 µL) and Cp2Fe (21  mol, 4 mg) as internal standard. After 4 hours 
all 3.1 had disappeared from solution and one equivalent of AMT per Zr had been 
consumed.  One  equivalent  of  Et3N  (measured  against  the  ferrocene  internal 
standard) was released in solution (see above for NMR data). Subsequently, one 
equivalent  of  [(n-C4H9)4N]Br  (7 µmol,  2.3 mg)  was  added. The  solution  turned 
yellow and quantitative formation of 3.3 was observed.  CHAPTER 3 
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1H  NMR  (300 MHz,  C6D6,  d):  CHCH3  overlapping  with  SCHH,  2.98  (d, 
JHH = 8.8 Hz, SCHH, 1H), 2.13 (d, JHH = 8.5 Hz, SCHH, 1H), 2.07 (s, SCH3, 3H), 
1.81 (s, C5Me5, 30H), 0.88 (d, JHH = 6.5 Hz, CHCH3, 3H), 0.2 (m, ZrCH2, 2H).  
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Chapter 4 
Stability of the [Cp
*
2ZrMe]-
cation generated by 
ammonium borate activators 
 
 
 
 
 
 
 
 
 
In this chapter, a method to estimate the lifetime of activated single-center olefin 
polymerization catalysts in the absence of olefin substrate (‘shelf life’) is described. 
This  method  is  based  on  trapping  of  the  catalytically  active  species  by  a 
functionalized  olefinic  substrate  (AMT)  after  specified  time  intervals.  This 
approach  is  illustrated  using  the  catalyst  precursor  Cp
*
2ZrMe2  (3.1)  in 
combination with ammonium salts of weakly coordinating anions ([B(C6F5)4]
- and 
SiO2/Al(i-Bu)3/[p-HOC6H4B(C6F5)3]
-)  as  a  model.  The  nature  of  the  ammonium 
activator ion ([Et3NH]
+ or [HNMe2Ph]
+) and the type of solvent play an important 
role in the stability of the catalytically active species [Cp
*
2ZrMe]
+. 
 
 
 
 
 
Part of this Chapter has been published:  
Guerrero Rios I., Novarino E., van der Veer S., Hessen B., Bouwkamp M. W., J. Am. 
Chem. Soc., 2009, 131, 16658. 
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4.1   Introduction 
 
In  Chapter  3,  a  novel  procedure  to  quantify  supported  activated  zirconocene 
species generated by reaction of pre-catalyst Cp
*
2ZrMe2 (3.1) with the supported 
activator  SiO2/Al(iBu)3/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11)  in  the  presence  of 
allylmethyl thioether (AMT) (to trap the cationic alkyl species) was described. It 
was  demonstrated that activation  and  concomitant immobilization  of  3.1  in  the 
presence of allyl methyl thioether are fully quantitative.  
As  zirconocene  cationic  species  that  are  trapped  with  AMT  are  inactive  for 
olefin polymerization due to the formation of a stable chelate,
1 immobilization of 
3.1 in the absence of an olefinic substrate should enable the generation of an active 
catalyst  system  for  olefin  polymerization.  As  the  effectiveness  of  a  catalyst  is 
determined not only by its activity and selectivity, but also by the lifetime of its 
active  species,  it  is  of  key  importance  to  get  insight  into  catalyst  deactivation 
processes for relevant catalytic transformations. Provided that the “naked” methyl 
cation [Cp
*
2ZrMe]
+ is formed upon reaction of the catalyst precursor 3.1 with the 
supported activator 2.11, addition of the olefinic substrate (AMT) after a specified 
time should trap the fraction of the catalyst that, at that point, is active for olefin 
polymerization.  Desorption  of  the  cationic  chelate  complex  by  addition  of  a 
nucleophile ([(n-C4H9)4N]Br) should then allow us to determine the concentration 
of  activated  zirconocene  species  and  provide  an  estimate  of  the  lifetime  of 
supported  activated  species  by  quantification  of  the  time  dependence  of  the 
transformations of the catalyst species on the support using simple NMR tube-scale 
experiments.  
As homogeneous systems are better defined and much easier to characterize than 
supported catalysts, they can be used as reference for the activation of group 4 
metallocenes by tethered boron-based activators. For this purpose, activation of 3.1 
with the analogous homogeneous borate cocatalyst [Et3NH][B(C6F5)4] (2.1) (with 
the same activating moiety as 2.11) was investigated. Preliminary studies indicated 
that formation of the desired ionic species [Cp
*
2ZrMe][B(C6F5)4]
2 via protonolysis 
of the Zr-Me bond by [Et3NH]
+ could not be observed due to rapid sequential 
reactivity (both in solution and on support). Thus, we decided to conduct a more 
thorough study on the reactivity of 3.1 (in absence of olefinic substrate) towards 
ammonium  salts  of  weakly  coordinated  anions
3,2f,2g  [R2R’NH][B(C6F5)4] 
(R = R’ = Et,  2.1;  R = Me,  R’ = Ph,  4.1)  and 
SiO2/Al(iBu)3/[R2R’NH][p-HOC6H4B(C6F5)3] (R = R’ = Et, 2.11; R = Me, R’ = Ph, 
4.3).  
Section  4.2  describes  the  preparation  and  quantification  of  the  supported 
anilinium  borate  activator  SiO2/Al(iBu)3/[Me2PhNH][p-HOC6H4B(C6F5)3]  (4.3). 
Section  4.3  focuses  on  the  stability  of  the  homogeneous  systems Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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[Et3NH][B(C6F5)4]/Cp
*
2ZrMe2 and [Me2PhNH][B(C6F5)4]/Cp
*
2ZrMe2. Section 4.4 
describes  the  stability  of  the  supported  systems 
SiO2/Al(iBu)3/[Et3NH][p-HOC6H4B(C6F5)3]/[Cp
*
2ZrMe2]  and 
SiO2/Al(iBu)3/[Me2PhNH][p-HOC6H4B(C6F5)3]/[Cp
*
2ZrMe2]  in  both  polar 
(C6D5Br) and apolar media (C6D6).  
 
4.2   Preparation  and  quantification  of 
SiO2/Al(iBu)3/[Me2PhNH][p-HOC6H4B(C6F5)3]/ 
Cp
*
2ZrMe2 
 
The  borate  activator  [Me2PhNH][p-HOC6H4B(C6F5)3]  (4.2)  was  synthesized 
according to the literature procedure reported by Carnahan et al.
4(Scheme 4.1).  
 
 
Scheme 4.1 
 
Compound 4.2 can be tethered on Al-alkyl-modified silica by reaction of its 
phenolic moiety with aluminum isobutyl groups on the support, resulting in the 
release of isobutane. Section 4.2.1 describes the quantification of the supported 
borate activator 4.2 on TIBA-modified silica, based on the procedure previously 
reported  in  Chapter  2  (section  2.3.2)  for  the  phenolic  borate 
[Et3NH][p-HOC6H4B(C6F5)3] (2.2).  
The  supported  cocatalyst  SiO2/Al(iBu)3/[Me2PhNH][p-HOC6H4B(C6F5)3]  (4.3) 
can  be  used  to  activate  transition-metal  catalysts  and  study  the  behavior  of 
immobilized  catalyst  species.  Quantification  of the activation  efficiency  of  4.3, 
using  Cp
*
2ZrMe2  (3.1)  as  model  catalyst  precursor  in  combination  with  allyl 
methyl thioether (AMT) to trap the cationic alkyl species, is described in section 
4.2.2. 
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4.2.1   Quantification  of  tethered  borate 
[Me2PhNH][p-HOC6H4B(C6F5)3] on TIBA-modified silica 
 
An NMR tube was charged with TIBA-modified silica (prepared as described in 
Chapter  2)  and  contacted  with  a  C6D5Br  solution  of 
[Me2PhNH][p-HOC6H4B(C6F5)3] (4.2), using a 4.2:Al stoichiometry of 1:1 in the 
presence of an internal standard (ferrocene), which allowed for quantification of 
the disappearance of 4.2 from solution and concomitant formation of isobutane 
(Scheme 4.2). The reaction was monitored by 
1H NMR spectroscopy over a period 
of 20 hours.  
 
 
Scheme 4.2 
 
In the first hour the disappearance of 4.2 from solution was accompanied by an 
equimolar  release  of  isobutane,  up  to  13%  conversion  of  4.2,  indicating 
chemisorption of the activator to the support. Evolution of isobutane had ceased 
after 2 hours, at which point an amount equivalent to 26% of the aluminum present 
on the support had been released. A slow decrease of the concentration of 4.2 
without  a  corresponding  increase  in  the  amount  of  isobutane  in  solution  was 
observed over a period of 20 hours, indicating that physisorption of the borate 
activator also takes place. As this provides a possible source of catalyst leaching, it 
should be avoided. Therefore, in the preparation of supported cocatalyst samples 
for activation of group 4 transition metal compounds, a 4.2:Al ratio of 1:5 was 
used. 
Comparable  results  were  obtained  when  a  less  polar  solvent  (C6D6),  more 
representative of practical catalyst preparation routines, was used: after 24 hours at 
room temperature, about 27% of 4.2 (4.2:Al ratio 1:1) was chemically bound to the Stability of the [Cp
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support. The poor solubility of 4.2 in apolar solvents did not allow for an exact 
estimate of the unreacted borate and physisorbed borate. 
The supported activator 4.3 was synthesized on a preparative scale according to 
the  procedure  reported  for  2.11  in  Chapter  2.  A  toluene  suspension  of 
TIBA-functionalized silica (prepared as described in Chapter 2, section 2.3.1) was 
contacted with 4.2, using a 4.2:Al ratio of 1:5 and left to react overnight. The 
borate-modified  silica  was  then  washed  with  warm  toluene  and  dried  under 
vacuum to afford a white free flowing powder. The amount of chemisorbed borate 
was determined by elemental analysis. The values are in agreement with a support 
which contains 80% of Al centers bearing two isobutyl groups and 20% of Al 
centers bearing one isobutyl group and one borate group. 
 
4.2.2   Quantification of supported activated zirconocene species 
in the presence of AMT 
 
In  an  NMR  tube  a  C6D5Br  suspension  of  the  supported  borate  activator 
SiO2/Al(iBu)3/[Me2PhNH][p-HOC6H4B(C6F5)3]  (4.3)  was  contacted  with  one 
equivalent of Cp
*
2ZrMe2 (3.1) in the presence of allyl methyl thioether (to trap the 
cationic species [Cp
*
2ZrMe]
+) and ferrocene as internal standard for quantification. 
Immediately, the white support took on an intense orange color, indicative for the 
formation  and  concomitant  immobilization  of  the  cationic  chelate  complex 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+ (Scheme 4.3).  
 
B(C6F5)3 Me2PhNH O
(i Bu)Al
O
Cp2
*ZrMe2  CH4
 Me2NPh
(3.1)
B(C6F5)3 O
(i Bu)Al
O
(4.3)
(3.4)
SiO2
SiO2
S
Zr
S
 
Scheme 4.3 
 
After 5 hours at room temperature all of 3.1 and one equivalent per Zr center of 
allyl methyl thioether had disappeared from solution, accompanied by release of an CHAPTER 4 
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equimolar amount of Me2NPh into solution, as indicated by the 
1H NMR spectrum. 
This  suggests  that  all  of  the  supported  activator  4.3  was  accessible  to  the 
zirconocene dialkyl precursor 3.1. In order to quantify the amount of 3.1 that had 
been  converted  into  the  corresponding  insertion  product 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+,  the  silica  was  treated  with  an  excess  of  the 
nucleophile  [(n-C4H9)4N]Br.  A  discoloration  of  the  silica  was  immediately 
observed. 
1H NMR spectroscopy showed quantitative formation (and concomitant 
desorption)  of  the  neutral  compound  Cp
*
2Zr(Br)CH2CH(Me)CH2SMe  (3.3)  in 
solution (Scheme 4.4). 
 
 
Scheme 4.4 
 
Similar  results  were  obtained  when  a  less  polar  solvent  (benzene-d6),  more 
representative  of  practical  catalyst  preparation  routines,  was  used  in  the 
metallocene immobilization and release steps. 
 
4.3   Thermal  stability  of  Cp
*
2ZrMe2  activated  with 
[RR’2NH]-based borate cocatalysts 
 
Cationic complexes can be generated from group 4 metal alkyls either by alkyl 
abstraction by strong Lewis acids
5,2a,2e,2h (Scheme 4.5, a and b) or by protonolysis 
of  the  alkyl  group  by  ammonium  salts  of  weakly  coordinating  anions
6,2b,2f,2i,2j 
(Scheme 4.5, c).  
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Scheme 4.5 
 
As  previously  reported
2b,2f,2g,  ionic  zirconocene  borate  complexes 
[L2ZrMe][B(C6F5)4],  when  freshly  prepared,  exhibit  good  polymerization 
activities.
5b,7 Although these complexes can be generated in situ and observed by 
NMR spectroscopy in polar solvents
2g, attempts to isolate these ionic species often 
resulted in oily mixtures of unidentified species.
2b 
Section  4.3.1  describes  the  reactivity  and  stability  of 
[Me2PhNH][B(C6F5)4]/Cp
*
2ZrMe2  in  polar  (C6D5Br  and  THF-d8)  and  non-polar 
(C6D6)  solvents.  Section  4.3.2  describes  the  reactivity  and  stability  of  the 
homogeneous  system  [Et3NH][B(C6F5)4]/Cp
*
2ZrMe2  in  both  polar  (C6D5Br  and 
THF-d8) and non-polar (C6D6) solvents.  
 
4.3.1   Activation  of  Cp
*
2ZrMe2  with  [Me2PhNH][B(C6F5)4]  in 
solution 
 
When a THF-d8 solution of Cp
*
2ZrMe2 (3.1) was treated with one equivalent of 
[Me2PhNH][B(C6F5)4]  (4.1)  at  room  temperature,  one  equivalent  of  methane 
(measured by means of a Töpler pump) was released and quantitative formation of 
the ionic species [Cp
*
2ZrMe(THF)][B(C6F5)4] (4.4)
2c,8 was observed (Scheme 4.6).  
 
 
Scheme 4.6 
 
In the 
1H NMR spectrum, free N,N-dimethylaniline (δ 2.90 ppm for NMe2) is 
observed  and  resonances  of  4.4  are  in  agreement  with  the  values  reported  in 
literature.
8 Addition of one equivalent of NBu4Br to the NMR tube resulted in a CHAPTER 4 
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bright yellow solution. NMR spectroscopy (
1H and 
13C NMR) showed quantitative 
formation of the neutral complex Cp
*
2ZrMeBr
9 (4.5) (Scheme 4.6). In the 
1H NMR 
spectrum the signals for the Zr-Me and Cp
* are found, respectively, at δ -0.49 ppm 
and  δ 1.93 ppm.  The  corresponding 
13C  NMR  resonances  are  observed  at 
δ 41.3 ppm (Zr-Me), δ 119.9 ppm (C5Me5) and δ 12.4 ppm (C5Me5). 
As  base-free  alkyl  cations  of  group  4  metals  can  be  generated  under  mild 
conditions in weakly coordinating polar solvents, protonolysis of Cp
*
2ZrMe2 (3.1) 
with [Me2PhNH][B(C6F5)4] (4.1) was carried out in C6D5Br. The solubility of the 
ion pair [Cp
*
2ZrMe][B(C6F5)4] in C6D5Br allows for NMR spectroscopic studies. 
The reaction of Cp
*
2ZrMe2 (3.1) with [Me2PhNH][B(C6F5)4] (4.1) resulted in the 
instantaneous  quantitative  formation  of  [Cp
*
2ZrMe(C6D5Br)][B(C6F5)4]  (4.6-d5) 
(Scheme 4.7, a).  
 
 
Scheme 4.7 
 
The 
1H NMR and 
13C NMR spectra are comparable to those reported for the 
analogous  chlorobenzene  compound  [Cp
*
2ZrMe(C6D5Cl)][B(C6F5)4].
11  As 
coordination  of  N,N-dimethylaniline  to  the  cationic  zirconium  center  was  not 
observed,  the  cation  [Cp
*
2ZrMe]
+  is  likely  to  be  stabilized  by  bromobenzene 
coordination.
10,11 
When  a  C6D5Br  solution  of  4.6-d5  was  treated  with  one  equivalent  of 
[(n-C4H9)4N]Br at room temperature, the neutral species Cp
*
2ZrMe(Br) (4.5) was 
formed quantitatively, as seen by NMR (
1H and 
13C) spectroscopy (Scheme 4.7, b).  
Activation of 3.1 in the presence of allyl methyl thioether (AMT) in C6D5Br 
resulted  in  the  quantitative  formation  of  the  5-membered  chelate  compound 
[Cp
*
2Zr(CH2CHMeCH2SMe)][B(C6F5)4]  (3.2).
1  Subsequent  reaction  of  3.2  with 
[(n-C4H9)4N]Br  yielded  Cp
*
2Zr(CH2CHMeCH2SMe)Br  (3.3)  quantitatively,  as 
indicated by NMR spectroscopy (Scheme 4.7, c).  
As previously described in Chapter 3, quantitative insertion of AMT into the 
Zr-Me  bond  of  the  cationic  species  [Cp
*
2ZrMe]
+  to  yield  3.2  can  be  used  to 
estimate the lifetime of the zirconocene methyl cation and quantify the amount of 
zirconocene that, in absence of substrate, has been converted to species active for 
olefin polymerization.  Stability of the [Cp
*
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In an NMR tube a C6D5Br solution of Cp
*
2ZrMe2 (3.1) was contacted with one 
equivalent of [Me2PhNH][B(C6F5)4] (4.1) in the presence of ferrocene as internal 
standard. The reaction mixture was treated with allylmethyl thioether (AMT) after 
a specified time (1h, 2h, 24h) to trap the species that, at that stage, are catalytically 
active  for  olefin  polymerization,  followed  by  addition  of  [(n-C4H9)4N]Br.  The 
reaction was monitored by 
1H NMR spectroscopy and results are reported in Table 
4.1.  Compound  Cp
*
2Zr(η
2-C,Br-2-BrC6D4)(Br)  (4.8-d4)  derives  from  C-D 
activation of the solvent (see below). 
 
Table 4.1 Quantification of the products for the activation of Cp
*
2ZrMe2 (3.1) with 
[Me2PhNH][B(C6F5)4] (4.1) after quenching with AMT in C6D5Br. 
t  AMT consumed 
µmol (%) 
3.3 formed 
µmol (%) 
4.8-d4 formed 
µmol (%) 
Cp
*
2ZrBr2 
µmol (%) 
1h  16.4 (41%)  16.6 (83%)  3.4 (17%)  - 
2h  16.0 (40%)  16.0 (80%)  4.0 (20%)  - 
24h  12.0 (30%)  12.2 (61%)  6.8 (34%)  1.0 (5%) 
t = reaction time before addition of AMT; 20  mol of 3.1 were used; 3.1:4.1 ratio is 1:1; 
3.1:AMT  ratio  is  1:2;  3.3  =  Cp
*
2Zr(CH2CHMeCH2SMe)Br;  4.8-d4 = Cp
*
2Zr(η
2-C,Br-2-
BrC6H4)Br. 
 
It  was  seen  that,  at  various  times  after  addition  of  the  olefinic  substrate, 
compounds [Cp
*
2Zr(CH2CHMeCH2SMe)][B(C6F5)4] (3.2) and [Cp
*
2Zr(η
2-C,Br-2-
BrC6D4)][B(C6F5)4]  (4.7-d4)  were  found  as  main  components  of  the  reaction 
mixture. After 24h formation of a small amount (~5%) of the bromide complex 
Cp
*
2ZrBr(C6D5Br) (Cp
* at 1.67 ppm) was also observed, probably associated with 
a  photochemical  process  as  implicated  in  earlier  studies  on  cationic  permethyl 
zirconocene  compounds  (Scheme  4.8,  a).
11  In  the 
1H  NMR  spectrum,  the  Cp
* 
resonances for compound 3.2 are observed at δ 1.61 ppm and δ 1.58 ppm (15H 
each). For 4.7-d4 the Cp
* signal is found at δ 1.48 ppm. It was also observed that, in 
absence of AMT, 4.7-d4 slowly grows in with time at the expense of 4.6-d5. As 
proposed by Jordan et al.
11 for analogous chlorobenzene compounds, this reaction 
likely  proceeds  via  protonolysis  of  one  of  the  Zr-Me  bonds  of  3.1  by 
[Me2PhNH][B(C6F5)4]  (4.1)  with  formation  of  the  ionic  species 
[Cp
*
2ZrMe(BrC6D5)][B(C6F5)4]  which  undergoes  ortho  C-D  activation  of  the 
coordinated  bromobenzene-d5  via  a  σ-bond  metathesis  process  to  yield  4.7-d4 
(Scheme 4.8, a).  
Addition of [(n-C4H9)4N]Br to the reaction mixture resulted in the quantitative 
conversion  of  each  species  into  the  corresponding  neutral  complexes 
Cp
*
2Zr(CH2CHMeCH2SMe)Br  (3.3),  Cp
*
2Zr(η
2-C,Br-2-BrC6D4)Br  (4.8-d4)  and 
Cp
*
2ZrBr2.
12  In  the 
1H  NMR  spectrum  the  Cp
*  resonances  for  3.3,  4.8-d4  and 
Cp
*
2ZrBr2  are  found,  respectively,  at  δ 1.83 ppm,  δ 1.86 ppm  and  δ 1.91 ppm. 
Furthermore, integration of the 
1H NMR spectrum indicates that the amount of CHAPTER 4 
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AMT consumed is the same as the amount of 3.3 formed in the reaction mixture, 
suggesting that (a) AMT reacts only with [Cp
*
2ZrMe][B(C6F5)4] to form 3.2 and 
(b)  compound  4.7-d4  is  unreactive  towards  the  olefinic  substrate.  This  is  also 
consistent  with  the  ethene  homopolymerization
13  behavior  of  the  systems 
[Cp
*
2ZrMe][B(C6F5)4] (prepared by reaction of 3.1 with 4.1 in toluene in absence 
of ethene) and 4.8 (generated by reaction of 3.1 with [Et3NH][B(C6F5)4] (2.1) in 
C6H5Br,  see  below):  catalytic  activity  could  only  be  observed  for 
[Cp
*
2ZrMe][B(C6F5)4] (a = 4680 KgPE ´ mol catalyst
-1
 ´ bar
-1
 ´ h
-1). This indicates 
that,  although  the  solubility  of  the  ion  pair  in  halogen-containing  solvents 
(bromobenzene) allows for NMR spectroscopy studies, the zirconium cation is not 
stable in the absence of olefinic substrate (AMT and ethylene), as it undergoes 
thermal ortho C-H activation via a σ-bond metathesis process to yield 4.7-d4, thus 
decreasing the concentration of the “naked” methyl zirconocene cation, essential 
for catalytic activity. 
 
[Cp*
2ZrMe(C6D5Br)][B(C6F5)4]
(4.6 d5)
C6D5Br, RT
Cp*
2Zr
Br B(C6F5)4
(4.7-d4)
d4
[Cp*
2Zr(CH2CH(Me)CH2SMe)][B(C6F5)4]
(3.2)
 CH3D
Cp*
2Zr
Br
BrC6D5
B(C6F5
)4
+
Cp*
2Zr
Br
(4.8-d4)
d4
Cp*
2ZrBr2 +
Br
NBu4Br  [NBu4][B(C6F5)4]
(a)
[Cp*
2ZrMe(C6D5Br)][B(C6F5)4]
(4.6 d5)
C6D5Br, RT
AMT (b)
NBu4Br  [NBu4][B(C6F5)4]
Cp*
2Zr(CH2CH(Me)CH2SMe)Br
(3.3)  
Scheme 4.8 
 
Therefore, the stability of cationic zirconocene alkyl complexes in the absence of 
olefinic substrate was investigated in a hydrocarbon solvent (benzene-d6) according 
to the same procedure as described above. The reactions were monitored by 
1H 
NMR  spectroscopy  and  results  are  reported  in  Table  4.2.  Compound 
Cp
*
2Zr(Br)CH2SCH2CHCH2 (4.12) derives from a C-H activation process of the Stability of the [Cp
*
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AMT  methyl  group  and  Cp
*Zr(η
6-C5Me4CH2)ZrBr  (4.13)  derives  from  an 
intramolecular C-H activation process of the Cp
* ligand (see below). 
 
Table 4.2 Quantification of the products for the activation of Cp
*
2ZrMe2 (3.1) with 
[Me2PhNH][B(C6F5)4] (4.1) after quenching with AMT in C6D6. 
t  AMT reacted 
µmol (%) 
3.3 formed 
µmol (%) 
4.12 formed 
µmol (%) 
1h  15.2 (38%)  9.4 (47%)  5.8 (29%) 
2h  15.6 (39%)  3.8 (19%)  11.6 (58%) 
24h  16.0 (40%)  -  16.0 (81%) 
t = reaction time before addition of AMT; 20  mol of 3.1 were used; ratio 3.1:4.1 is 1:1; 
3.1:AMT  ratio  is  1:2;  3.3 = Cp
*
2Zr(CH2CHMeCH2SMe)Br; 
4.12 = Cp
*
2Zr(Br)CH2SCH2CHCH2. 
 
It  was  observed  that  in  C6D6  solution  the  cationic  species  [Cp
*
2ZrMe]
+ 
(generated by reaction of 3.1 with one equivalent of 4.1) decomposes faster than in 
weakly coordinating solvents (e.g. bromobenzene). The 
1H NMR spectrum of the 
C6D6 solution after 1 hour (at which point first AMT and then - after 30 minutes -
[(n-C4H9)4N]Br  were  added)  shows  the  formation  of  a  mixture  of 
Cp
*
2Zr(CH2CHMeCH2SMe)Br  (3.3)  (47%,  Cp
*  resonance  at  δ 1.81 ppm),  and 
Cp
*
2Zr(Br)CH2SCH2CHCH2 (4.12) (29%, Cp
* resonance at δ 1.91 ppm) as main 
components of the reaction mixture. Increasing the contact time between 3.1 and 
4.1 results in an increase of the concentration of the C-H activation product 4.12 at 
the expense of 3.3. After 24 hours at room temperature the 
1H NMR spectrum 
shows no resonance for 3.3, but formation of 4.12 as major product (81%). At each 
interval a minor ill-defined species characterized by a singlet at δ 1.74 ppm (ca. 
21% - 17%) is also observed. Although it could not be identified, this species does 
not  seem  to  derive  from  reactions  with  AMT  as  it  was  also  observed  upon 
contacting a benzene-d6 solution of 3.1 with anilinium borate for 24 hours in the 
absence of trap followed by addition of [(n-C4H9)4N]Br. 
Formation  of  compound  4.12  can  be  explained  by  the  sequence  depicted  in 
Scheme 4.9. The cationic species [Cp
*
2ZrMe]
+ (generated by protonolysis of the 
Zr-Me bond of 3.1 by 4.1) undergoes intramolecular C-H activation to yield CH4 
and [(η
5-Cp
*)(η
5:η
1-C5Me4CH2)Zr][B(C6F5)4] (4.10). This further reacts with one 
equivalent  of  AMT  via  intermolecular  C-H  activation  to  yield 
[Cp
*
2Zr(CH2SCH2CHCH2)][B(C6F5)4]  (4.11),  which  transforms  into  4.12  upon 
addition  of  one  equivalent  of  [(n-C4H9)4N]Br.  It  was  also  observed  that  direct 
addition of [(n-C4H9)4N]Br to 4.10 results in the formation of the corresponding 
neutral species [(η
5-Cp
*)(η
6-C5Me4CH2)ZrBr (4.13). NMR spectroscopic features 
of 4.13 are comparable to those of related chloride complexes.
40 
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Scheme 4.9 
 
To confirm the formation of 4.10, in a separate experiment a C6D6 solution of 
Cp
*
2ZrMe2 (3.1) was reacted with one equivalent of [HNMe2Ph][B(C6F5)4] (4.1). 
Allowing the reaction mixture to stand at room temperature resulted in gradual 
liberation of two equivalents of methane (measured by Töpler pump). Addition of a 
few  drops  of  THF-d8  (to  dissolve  the  red  oily  precipitate)  afforded  a  purple 
solution.  NMR  spectroscopy  showed  the  formation  of  4.10-(THF-d8)  as  major 
product (85%). In the 
1H NMR spectrum four resonances for the Cp-Me are found 
at δ 1.57 ppm (15H), δ 1.54 ppm (6H), δ 1.05 ppm (3H) and δ 1.01 ppm (3H) and 
the resonances for the Zr-CH2 group, with diastereotopic protons, are observed as 
doublets  at  δ 2.14 ppm   (JHH  =  7.1  Hz) and δ 1.91 ppm  (JHH  =  7.2  Hz).  This 
compound  could  also  be  obtained  from  reaction  of  the  allyl-diene  complex 
[Cp
*Zr[η
5:η
1:η
1-(CH2)2C5Me3] (4.14)
14 with [Me2PhNH][B(C6F5)4] (4.1) in THF-d8 
(Scheme 4.10). Subsequent addition of [(n-C4H9)4N]Br afforded compound 4.13 as 
a red solution. 
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(4.14)
+ [HNMe2Ph][B(C6F5)4]
(4.1)
 CH4
 NMe2Ph
NBu4Br  [NBu4][B(C6F5)4]
Zr
(4.10 THF d8)
B(C6F5)4
Zr
(4.13)
Zr
Br
THF d8 THF d8
 
Scheme 4.10 
 
Formation  of  related  fulvene  complexes  via  hydrogen  abstraction  from  Cp
* 
ligands has been previously observed in the thermal decomposition of group 4 
metallocene hydrocarbyl complexes.
15  
On a preparative scale the complex 4.10-THF was obtained in 80% isolated 
yield  upon  reaction  of  4.14  with  [Me2PhNH][BPh4]  in  THF  followed  by 
crystallization  from  a  THF/cyclohexane  solution.  The  molecular  structure  of 
4.10-THF  is  shown  in  Figure  4.1  and  selected  bond  distances  and  angles  are 
reported in Table 4.3.  
 
 
Figure  4.  1  ORTEP  representation  of  the  cation  of  4.10-THF  showing  50% 
probability ellipsoids. The anion and hydrogen atoms are omitted for clarity. 
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Table 4.3 Selected bond distances (Å) and angles (°) of 4.10-THF. 
Bond distances (Å)    Angles (°)   
Zr(1)-Cp
*  2.2055(16)  Cp
*-Zr(1)-Fv
*  141.59(6) 
Zr(1)-Fv
*  2.1507(15)  Fv
*-C(115)-C(120)  144.3(3) 
Zr(1)-O(1)  2.224(2)  C(120)- Zr(1)-O(1)  105.76(10) 
Zr(1)-C(120)  2.366(4)  Zr(1)-C(120)-C(115)  67.92(19) 
Zr(1)-C(115)  2.265(3)  C(115)-Zr(1)-C(120)  36.59(13) 
C(115)-C(120)  1.457(5)     
C(111)-C(112)  1.412(5)     
C(111)-C(115)  1.446(5)     
C(112)-C(113)  1.427(5)     
C(113)-C(114)  1.421(5)     
C(114)-C(115)  1.448(5)     
Cp
*  is  defined  as  the  centroid  of  C(11)-C(15);  Fv
*  is  defined  as  the  centroid  of 
C(111)-C(115). 
 
The  cationic  4.10-THF  adopts  the  usual  “bent-sandwich”  geometry  with 
metalation of one of the Cp
* methyl groups. The Cp
*-Zr(1)-Fv
* angle of 141.59(6)° 
is comparable to those of related “tucked-in” group 4 complexes
16 and other CpZr
IV 
complexes.
17,23  The  coordination  of  the  non-functionalized  Cp
*  ring  is 
unexceptional. The Zr(1)-Cp
* distance of 2.2055(16) Å as well as the Zr(1)-Fv
* 
distance  of  2.1507(15)  Å  are  comparable  to  those  in  other  Cp
*Zr
IV 
complexes.
16b,17g,j  and  related  “tucked-in”  complexes.
16,18a,b  The  Zr-C(Cp
*) 
distances ranging between 2.485(3) Å and 2.543(3) Å are in line with literature 
Cp
*Zr
IV  data.
16b,17g,j,23  The  internal  C-C  distances  of  the  η
5-Cp
*  ligand  (C-
C = 1.419(5)-1.432(5)  Å;  C-C(Me) = 1.500(5)-1.507(5)  Å)  and  the  internal  C-C 
distances of the Fv
* ring (1.412(5)-1.448(5) Å; C-C(Me) = 1.499(5)-1.514(5) Å)) 
do not differ significantly from each other and are essentially identical with those 
reported  for  several  group  4  and  f-element  η
5-Cp
*  complexes.
16,17j,18  The 
Zr(1)-C(120) distance of 2.366(4) Å is in the range of a Zr-C(sp
3) bond.
16b,17 The 
C(115)-C(120) distance of 1.457(5) Å is well comparable to ring carbon-methylene 
carbon distances previously reported for fulvene complexes of the type M(η
5,η
1-
C5R4CR’2)(η
6-C6H5) (M = Mo, W) and Cp
*(η
5,η
1-C5Me4CH2)HfCH2C6H5
16a,19 and 
in  accordance  with  an  sp
3  hybridized  carbon.  The  displacement  of  the  methyl 
carbon atoms out of the Cp
* and the Fv
* ring planes and away from the metal are in 
the range 0.0211-0.3236 Å and 0.0954-0.2838 Å respectively, as expected for a 
Cp
*  complex.
16,17  The  methylene  group  C(120)  is  pointing  to  the  metal,  lying 
0.8909  Å  out  of  the  Fv
*  ring  plane.  While  the  Zr(1)-C(115)  (2.265(3)  Å), 
Zr(1)-C(111) (2.410(3) Å) and Zr(1)-C(114) (2.447(3) Å) distances are shorter than 
the  average  Zr-C(Cp
*)  (2.517(3)  Å),  the  Zr(1)-C(112)  (2.599(3)  Å)  and  Zr(1)-
C(113) (2.618 (3) Å) are significantly longer. The net result is a slipping of the Zr 
atom  toward  the  C(115),  C(111),  C(114)  and  C(120)  part  of  the  Fv
*  ring  as 
observed for other tetramethylfulvene complexes.
16  Stability of the [Cp
*
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The  neutral  species  Cp
*
2Zr(CH2SCH2CHCH2)Br  (4.12)  was  prepared 
independently by reaction of a benzene solution of the allyl-diene complex 4.14 
with  anilinium  borate  (4.1),  followed  by  addition  of  allylmethyl  thioether  and 
[(n-C4H9)4N]Br. In the 
1H NMR spectrum the resonance for the Cp
* ligands is 
found at δ 1.99 ppm and the Zr-CH2 group is observed at δ 1.23 ppm. In the 
13C 
NMR spectrum the corresponding carbon is found at δ 46.1 ppm.  In the 
1H-
1H 
COSY NMR spectrum the downfield multiplet at δ 5.75 ppm for the CH group 
shows two cross-peaks, respectively, with the doublet at δ 2.85 ppm (S-CH2) and 
the  signal  at  δ 4.95 ppm  (CH-CH2).  This  is  a  typical  set  of  vinyl  resonances, 
indicating that the olefinic group has not reacted. GC-MS analysis after hydrolysis 
of the product with methanol-d4 showed allyl methyl sulfide CH2CHCH2SCH2D 
(m/z = 89) in addition to the ligand hydrolysis product Cp
*D (m/z = 137). The 
13C 
NMR  spectrum  of  the  hydrolyzed  product  in  THF-d8  showed  a  resonance  at 
δ 14.03 ppm for the SCH2D group with a JCD = 21 Hz.  
These experiments show that in a non-coordinating solvent (benzene) the naked 
cation [Cp
*
2ZrMe]
+ is too reactive to survive when generated in absence of olefinic 
substrates.  Thus,  it  decomposes  within  one  hour  at  room  temperature  with 
formation of the fulvene complex [(η
5-Cp
*)(η
5:η
1-C5Me4CH2)Zr][B(C6F5)4] (4.10) 
(which is still able to react with AMT substrate, albeit through C-H activation 
rather  than  olefin  insertion,  to  form  [Cp
*
2Zr(CH2SCH2CHCH2)][B(C6F5)4])  and 
some ill-defined species (which are unreactive towards the olefinic substrate). In 
halogen-containing  solvents  (bromobenzene)  it  slowly  converts  into  the 
bromobenzene  complex  [Cp
*
2Zr(η
2-C,Br-2-BrC6H4)][B(C6F5)4]  (4.7)  which  is 
unreactive  towards  olefinic  substrate  (ethene,  AMT).  A  method  to  obtain  a 
thermally  stable  and  well-defined  cationic  zirconocene  species  that  is  still 
catalytically  active  will  be  discussed  in  detail  in  Chapter  5.  The  next  section 
describes the stability of the model catalyst precursor Cp
*
2ZrMe2 (3.1) towards the 
ammonium borate activator [Et3NH][B(C6F5)4] (2.1) in polar (THF, bromobenzene) 
and apolar (benzene) solvents.  
 
4.3.2   Activation  of  Cp
*
2ZrMe2  with  [Et3NH][B(C6F5)4]  in 
solution  
 
Reaction of Cp
*
2ZrMe2 (3.1) with one equivalent of [Et3NH][B(C6F5)4] (2.1) in 
THF-d8  resulted  in  the  immediate  formation  of  the  THF-adduct 
[Cp
*
2ZrMe(THF-d8)][B(C6F5)4]  (4.4,  94%  integrated  against  Cp2Fe  internal 
standard) and free Et3N. Addition of an excess of [(n-C4H9)4N]Br resulted in the 
formation  of  the  corresponding  neutral  species  Cp
*
2ZrMe(Br)  (4.5,  94%).  The 
reaction of 3.1 with the borate activator 2.1 in THF-d8 was monitored by NMR 
spectroscopy over a period of 14 days. Allowing the reaction mixture to stand at 
room temperature resulted in the gradual conversion of the THF-adduct 4.4 to the CHAPTER 4 
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THF  ring-opening  product  [Cp
*
2ZrMe(O(CD2)4NEt3)][B(C6F5)4]  (4.15-d8)
20 
accompanied by an equimolar consumption of free Et3N (δ 2.44 ppm for NCH2 and 
δ 0.97 ppm  for  NCH2CH3).  The 
1H  NMR  spectrum  after  14  days  showed  the 
formation  of  a  mixture  of  4.4  (Cp
*  at  δ 2.00 ppm,  Zr-CH3  at  δ 0.40 ppm)  and 
4.15-d8 (Cp
* at δ 1.85 ppm, Zr-CH3 at δ -0.49 ppm) in a ratio 1:10 (Scheme 4.11). 
 
Cp*
2ZrMe2 + [Et3NH][B(C6F5)4]
(4.4)
THF d8, RT, 14 days
[Cp2
*ZrMe(O(CD2)4Et3N)][B(C6F5)4]
(4.15 d8)
[Cp*
2ZrMe(THF)][B(C6F5)4] + Et3N
 CH4 (3.1) (2.1)
 
Scheme 4. 11  
 
Formation  of  compound  4.15-d8  is  likely  to  derive  from  the  reaction  of  the 
THF-adduct 4.4 with free Et3N (released in the protonolysis step) via nucleophilic 
THF-ring opening. Related Zr-promoted THF ring opening reactions have been 
previously  reported  by  Jordan  and  coworkers.
20  Reaction  of  3.1  with 
[CPh3][B(C6F5)4] in the presence of one equivalent of Et3N in THF-H8 for 15 days 
results in the formation of non-deuterated 4.15 and 4.4 in a 10:1 ratio. In the 
1H 
NMR  spectrum  the  resonances  for  the  NCH2  and  NCH2CH3  are  found, 
respectively, at δ 3.28 ppm (q, JHH = 7.2 Hz) and δ 1.30 ppm (t, JHH = 6.6 Hz). The 
methylene protons of the alkyl chain are observed at δ 4.06 ppm (OCH2), δ 3.15 
ppm (NCH2) and δ 1.54 and 1.45 ppm (CH2CH2). In the 
13C NMR spectrum the 
chemical shifts for the NCH2CH3 group are observed at δ 53.64 ppm (NCH2) and 
δ 7.60 ppm (NCH2CH3), while the four methylene carbons are found at δ 71.47 
ppm (OCH2), δ 68.82 ppm (NCH2) and δ 26.53 and 19.59 ppm (CH2CH2). 
Although the Lewis base-adduct [Cp
*
2ZrMe(THF)][B(C6F5)4] is easily accessible 
by preparing the cationic species in THF, the olefin polymerization activity of this 
adduct  is  limited  by  the  presence  of  the  Lewis  base  which  competes  with  the 
olefinic substrate for a vacant coordination site on the metal center.  
As  previously  described,  the  cationic  species  [Cp
*
2ZrMe]
+  can  be  trapped  in 
weakly coordinating (bromobenzene) and non-coordinating (benzene) solvents by 
coordination and subsequent insertion into the Zr-Me bond of an olefinic substrate 
(allyl  methyl  thioether)  to  give  the  stable  cationic  chelate 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+.  In  an  effort to study  the stability  of  the  system 
Cp
*
2ZrMe2/[Et3NH][B(C6F5)4]  in  absence  of  olefinic  substrate  in  both  polar 
(C6D5Br)  and  apolar  (C6D6)  solvents,  unusual  reactivity  of  the  zirconium  alkyl 
cation [Cp
*
2ZrMe]
+ in the presence of Et3N was observed.  Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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From  the  reaction  of  3.1  with  one  equivalent  of  [Et3NH][B(C6F5)4]  (2.1)  in 
C6D5Br,  two  equivalents of  methane  were  released  (measured  by  Töpler  pump 
experiment)  with  quantitative  formation  of  the  ortho-metalated  bromobenzene 
complex [Cp
*
2Zr(η
2-C,Br-2-BrC6D4)][B(C6F5)4] (4.7-d4).
11 When an excess of allyl 
methyl thioether was added to this C6D5Br solution, no reaction could be observed. 
Compound  4.7-d4  was  then  converted  quantitatively  into  the  neutral  complex 
Cp
*
2Zr(η
2-C,Br-2-BrC6D4)Br  (4.8-d4)  upon  addition  of  [(n-C4H9)4N]Br  (Scheme 
4.12).  
Non-deuterated 4.7 could be prepared independently by reaction of a C6H5Br 
solution of 3.1 with one equivalent of [Et3NH][B(C6F5)4] (2.1). 
1H and 
13C NMR 
spectra are comparable to those reported by Jordan et al.
11 for the corresponding 
chlorobenzene-derived zirconium complex. Subsequent addition of [(n-C4H9)4N]Br 
to 4.7 afforded non-deuterated 4.8. The 
1H NMR spectrum shows one singlet for 
Cp
* (δ 1.86 ppm) and four signals (2 doublets at δ 7.84 ppm and δ 7.42 ppm and 2 
triplets at δ 6.90 ppm and δ 6.76 ppm) for the aromatic moiety. In the 
13C NMR 
spectrum the Zr-C and the Br-C resonances are found, respectively, at δ 195.7 ppm 
and  δ  140.0  ppm.  The 
13C  NMR  shifts  for  the  four  aromatic  CH  carbons  are 
observed  at  δ 134.9 ppm,  δ 133.3 ppm,  δ 129.6 ppm  and  δ 123.4 ppm.  The 
resonances for the Cp
* rings are observed at δ 123.1 ppm (C5Me5) and δ 12.7 ppm 
(C5Me5).  
Allowing a C6D5Br solution of 4.7 to stand at room temperature results in the 
gradual  formation  of  compound  [(η
4-η
1-C5Me5C6H4)Cp
*ZrBr][B(C6F5)4]  (4.9) 
(Scheme 4.12). After 28 hours a mixture of 4.7-d4 (Cp
* at δ 1.48 ppm) and 4.9-d4 
(Cp
* at δ 1.81 ppm) in a ratio 5:1 is formed. Complex 4.9 slowly grows in with 
time at the expense of 4.7 and after 16 days at room temperature 4.7 is completely 
converted into the new species 4.9. The 
1H and 
13C NMR spectroscopic data are in 
agreement  with  those  reported  by  Jordan  et  al.
11  for  the  corresponding 
chlorobenzene-derived  zirconium  complex.  GC-MS  analysis  of  the  hydrolyzed 
mixture  showed  the  formation  of  C5Me5C6H5  (m/z = 212).  The  analogous 
chlorobenzene-derived complex was previously obtained by Jordan et al.
11 via β-Cl 
elimination  of  [Cp
*
2Zr(η
2-C,Cl-2-ClC6D4)][B(C6F5)4]  to  form  a  Zr(IV)  benzyne 
intermediate followed by benzyne insertion into a Zr-CCp* bond. Similar results 
were  obtained  upon  activation  of  3.1  with  an  equimolar  amount  of 
[CPh3][B(C6F5)4]  in  C6D5Br.  After  14  days 
1H  NMR  spectroscopy  showed  the 
formation of a mixture of 4.7-d4 and 4.9-d4 in a 3:1 ratio. 
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Scheme 4.12 
 
During our studies, we observed that the rate of formation of compound 4.7-d4 
strongly  depends  on  the  nature  of  the  activator  used  to  generate 
[Cp
*
2ZrMe(C6D5Br)][B(C6F5)4] (4.6-d5) from 3.1.  
 
Table 4.4 Activation of 3.1 in the presence of different borate activators. 
entry  activator  t  4.6-d5  4.7-d4 
1  [CPh3][B(C6F5)4]  24 h  74%  18% 
2  [Me2PhNH][B(C6F5)4] (4.1)  24 h  61%  34% 
3  [Et3NH][B(C6F5)4] (2.1)  < 0.1 h  0%  100% 
4  4.1 + 1 eq. Et3N  < 0.1 h  0%  100% 
5  [CPh3][B(C6F5)4] + 1 eq. Et3N  < 0.1 h  0%  100% 
6  [CPh3][B(C6F5)4] + 0.1 eq. Et3N  0.2 h  0%  100% 
7  [CPh3][B(C6F5)4] + 0.08 eq. Et3N  0.3 h  0%  100% 
8  [CPh3][B(C6F5)4] + 0.01 eq. Et3N  24 h  78%  16% 
t  =  reaction  time;  4.6-d5 = [Cp
*
2ZrMe(BrC6D5)][B(C6F5)4];  4.7-d4 = [Cp
*
2Zr(η
2-C,Br-2-
BrC6D4)][B(C6F5)4]; 3.1 and the borate activator were added in equimolar amounts. 
 
When the zirconocene methyl cation 4.6-d5 was generated in d5-bromobenzene 
solvent by reaction of Cp
*
2ZrMe2 (3.1) with [Ph3C][B(C6F5)4], slow conversion to 
complex  4.7-d4  was  observed  (Table  4.4,  entry  1).  When  the  Brønsted  acid 
[Me2PhNH][B(C6F5)4] (4.1) was used to generate 4.6-d5, the formation of 4.7-d4 
was  faster  than  for  trityl-generated  4.6-d5  (Table  4.4,  entry  2),  and  in  case  of 
[Et3NH][B(C6F5)4]  (2.1)  as  an  activator,  formation  of  4.7-d4  was  almost Stability of the [Cp
*
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instantaneous  (Table  4.4,  entry  3).  Additionally,  the  formation  of  the  C-D 
activation  product  4.7-d4  from  4.6-d5  generated  by  [CPh3][B(C6F5)4]  was 
significantly accelerated in the presence of added Et3N (Table 4.3, entries 4-8) or 
NMe2Ph (see below) (Scheme 4.13). For Et3N, the reaction is already significantly 
accelerated by sub-stoichiometric amounts (as low as 8 mol% to Zr). 
 
 
Scheme 4.13 
 
These  observations  suggest  that  this  C-D  activation  reaction  is  likely  to  be 
catalyzed by the tertiary amine released upon protonolysis of 3.1. Base-assisted C-
H bond activation processes have precedents in late-transition metal chemistry
21 
but this is, to the best of our knowledge, the first time that an overall σ-bond 
metathesis reaction on an early transition-metal center is found to be catalyzed by 
amines. To further confirm this hypothesis, we studied (a) the effect of the basicity 
of the tertiary amine and (b) the dependence of the rate of the C-D activation 
process on the concentration of the amine.  
As might be expected, there is a qualitative correlation between the Brønsted 
basicity  of  the  amine  and  the  rate  of  the  C-D  bond  activation  reaction 
(Et3N >> p-(t-Bu)C6H4NMe2 > Me2NPh > p-BrC6H4NMe2
22 (Table 4.5).  
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Table  4.5  Rate  constants  for  the  C-D  activation  reaction 
[Cp
*
2ZrMe(C6D5Br)]
+→[Cp
*
2Zr(BrC6D4-κBr)]
+  in  the  presence  of  different 
amines.
a 
amine  pKa  10
-5 kobs
d  % conversion 
4.6-d5 
Et3N
b  10.8 
c  100% 
p-(t-Bu)C6H4NMe2  4.65  1.82  81% 
PhNMe2  4.21  1.58  79% 
p-BrC6H4NMe2  3.52  0.347  37% 
aConditions: C6D5Br solvent; [Cp
*
2ZrMe2] = 50  mol/mL; [CPh3][B(C6F5)4]= 50  mol/mL; 
[amine] = 250  mol/mL;  T = 25°C;  reaction  time = 21 h;  4.6-d5 = Cp
*
2ZrMe(C6D5Br)
+. 
bCp
*
2ZrMe2  and  [Et3NH][B(C6F5)4]  were  reacted  in  equimolar  amounts;  reaction 
time = 0.1 h; 
ctoo fast to determine; 
d kobs = kuncat + kcat[amine]. 
 
Furthermore, the rate of the reaction increases with increasing concentration of 
N,N-dimethylaniline (Table 4.6). The plot of the ln[4.6-d5] versus time at different 
Me2NPh concentrations is shown in Figure 4.2. 
 
Table  4.6  Rate  constants  for  the  C-D  activation  reaction 
[Cp
*
2ZrMe(C6D5Br)]
+→[Cp
*
2Zr(BrC6D4-κBr)]
+at different [Me2NPh].
a 
t (h)  [Me2NPh] 
( mol/mL)  10
-5 kobs
d  % conversion 
4.6-d5 
23  0  0.269  24% 
20  53  0.612  39% 
36  127  0.947  73% 
21  173  1.21  72% 
21  253  1.58  79% 
22  495  3.00  93% 
20  927
  6.01  100% 
a  Conditions:  C6D5Br  solvent;  [Cp
*
2ZrMe2] = 50  mol/mL; 
[CPh3][B(C6F5)4]= 50  mol/mL; T = 25°C; t = reaction time; 4.6-d5 = Cp
*
2ZrMe(C6D5Br)
+; 
d kobs = kuncat + kcat[Me2NPh]. 
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Figure 4.2 Plot of ln([4.6-d5]) versus time for the C-D bond activation reaction of 
d5-bromobenzene after activation of Cp
*
2ZrMe2 with [Ph3C][B(C6F5)4] at T = 298 
K in the absence of N,N-dimethylaniline (♦) or in the presence of 1.1 (x), 2.6 (●), 
3.6 (-), 5.1 (■), 10.6 (▲) and 21.1 (+) equivalents of N,N-dimethylaniline. Solid 
lines  represent  simulated  data  based  on  the  kinetic  model  presented  in  eq  1 
(T = 298 K). 
 
Based on the results reported in Table 4.5, it can be seen that in absence of 
Me2NPh,  [Cp
*
2ZrMe(C6D5Br)]
+  (4.6-d5)  only  slowly  converts  into  the  C-D 
activation  product  [Cp
*
2ZrMe(BrC6D4-κBr)]
+.  Performing  the  reaction  in  the 
presence of increasing concentrations of Me2NPh leads to a significant acceleration 
of the C-D activation process (Figure 4.2). Kinetic data show that the rate of the 
amine-catalyzed C-D bond activation reaction is first order in both [4.6-d5] and 
[Me2NPh],  whereas  the  uncatalyzed  reaction  is  only  dependent  on  the 
concentration of compound 4.6-d5: 
 
d[4.6-d5]/dt = -(kuncat + kcat[Me2NPh])[4.6-d5]                                                         (1) 
 
Analysis  of  the  data  for  T = 298 K  resulted  in  kuncat = 2.69(8)×10
-6  s
-1  and 
kcat = 5.52(7)×10
-5 L mol
-1 s
-1.  
The uncatalyzed process is expected to proceed via a σ-bond metathesis reaction 
involving a four-membered transition state, where a proton (or D) is transferred 
from the coordinated bromobenzene to the methyl group bound to the zirconium 
center.
11 This transition state might be stabilized by formation of a hydrogen bond 
between the abovementioned proton (or D) and the amine base, resulting in an 
increased reaction rate. This hypothesis was investigated by DFT computational 
methods  (see  Experimental  Section  for  details).  The  C-H  bond  activation  of 
benzene  by  [Cp2ZrMe]
+  (Cp = C5H5)  in  the  presence  and  absence  of 
trimethylamine was studied as a model reaction. 
In Figure 4.3 the reaction coordinate is shown for the C-H bond activation in the 
presence and absence of the amine.  CHAPTER 4 
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Figure 4.3 Reaction coordinate of the σ-bond metathesis reaction of [Cp2ZrMe]
+ 
in benzene with (TS2-TS3) and without (TS1) trimethylamine.  
 
In both cases, the first step of the reaction involves the coordination of benzene 
to  the  zirconocene  cation  [Cp2ZrMe]
+  which,  according  to  the  calculations,  is 
downhill by 4.05 kcal/mol. For the uncatalyzed reaction, a typical 4-membered 
transition  state  was  found  (TS1,  Figure  4.3)  at  24.04  kcal/mol  relative  to  the 
starting materials, yielding an activation energy of 28.09 kcal/mol. This relatively 
high  energy  barrier  is  consistent  with  the  observation  that  the  bromobenzene 
activation  by  the  decamethyl  zirconocene  methyl  cation  takes  several  hours  to 
proceed in the absence of an amine base (Table 4.6). The initial reaction product 
formed through TS1 is the methane adduct of the phenyl cation [Cp2ZrPh(CH4)]
+ 
(derived  from  protonation  of  the  Zr-CH3  group  by  the  benzene)  which  readily 
releases the methane molecule to form [Cp2ZrPh]
+. Geometry optimization of the 
phenyl cation shows a β-agostic interaction of the o-CH bond with the metal center, 
resulting  in  a  structure  similar  to  that  reported  for  related  σ-aryl  species  of 
zirconium.
5a,10c  The  overall  reaction  is  thermodynamically  downhill  by  6.61 
kcal/mol (Table 4.7).  
For  the  amine  catalyzed  reaction,  one  could  envision  a  stabilization  of  the 
aforementioned  transition  state  (TS1)  by  hydrogen  bonding  interactions  of  the 
amine with the proton that is transferred from the coordinated benzene ligand to the 
methyl ligand. Instead, a two-step mechanism was found in which the benzene 
ligand in the adduct [Cp2ZrMe(C6H6)]
+ is initially deprotonated in the coordination 
sphere of the metal center by the amine, generating Cp2ZrMePh and [Me3NH]
+. In 
a second step, the methyl ligand is protonated by the ammonium salt to generate 
the observed products. The intermediate Cp2ZrMePh + [Me3NH]
+ was found at 
14.51 kcal/mol relative to the starting materials, and the transition state for the 
deprotonation (TS2) and protonation (TS3) reactions at 18.42 and 16.54 kcal/mol, 
respectively. This results in a  G
‡ = 22.47 kcal/mol for the deprotonation reaction 
and  G
‡ = 3.91 kcal/mol for the protonolysis. The lowest energy transition state for Stability of the [Cp
*
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the latter (TS3) resembles that of an SE2 reaction. Thus the presence of the amine, 
acting as a proton shuttle, is indeed lowering the overall energy barrier for the C-H 
activation reaction, which would be consistent with the increased reaction rate (see 
above). 
As the cationic species [Cp2
*ZrMe]
+ is not stable in bromobenzene under these 
conditions,  reacting  rapidly  to  form  the  C-H  activation  product  4.7  which  is 
inactive for olefin polymerization, this system was not studied further. As apolar 
solvents  are  usually  employed  during  the  preparation  of  the  catalyst  and 
polymerization process, studies on the activation of 3.1 and stability of the cationic 
species [Cp2
*ZrMe]
+ in benzene were performed.  
Reaction of equimolar amounts of [Et3NH][B(C6F5)4] (2.1) and Cp
*
2ZrMe2 (3.1) 
in benzene afforded a reddish oily precipitate. Removal of solvent and volatiles 
after 24 hours followed by dissolution of the reddish precipitate in THF results in a 
clear  solution  from  which  yellow  crystals  of  η
2-iminoacyl  compound 
[Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)(THF)][B(C6F5)4]  (4.16-THF)  precipitated  upon 
layering with cyclohexane. Refinement was complicated by rotational disorder in 
one of the Cp
* ligands. A disorder model with two alternative positions of the Cp
* 
with bond restraints was used in the final refinement. The molecular structure of 
the cation of 4.16-THF is shown in Figure 4.4. Selected bond distances and angles 
are reported in Table 4.7.  
 
 
Figure  4.4  ORTEP  representation  of  the  cation  of  4.16-THF  showing  50% 
probability ellipsoids. The anion and hydrogen atoms are omitted for clarity. 
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Table 4.7 Selected bond distances (Å) and angles (°) of 4.16-THF. 
Bond distances (Å)    Angles (°)   
Zr(1)-N(1)  2.259(5)  Zr(1)-N(1)-C(125)  71.4(4) 
Zr(1)-C(125)  2.207(6)  Zr(1)-N(1)-C(127)  162.6(4) 
N1-C(125)  1.258(8)  Zr(1)-C(125)-C(126)  157.9(5) 
Zr(1)-Cg(1)  2.2764(14)  N(1)-C(125)-C(126)  126.2(6) 
Zr(1)-Cg(2)  2.2894(27)  C(125)-N(1)-C(127)  125.8(5) 
    N(1)-Zr(1)-C(125)  32.68(19) 
    Zr(1)-C(125)-N(1)  75.9(4) 
    Cg(2)-Zr(1)-Cg(3)  137.65(9) 
Cg(1) is defined as the centroid of the C(11)-C(15) ring. Cg(2) is defined as the centroid of 
the C(111b)-C(115b) ring. 
 
The  zirconocene  cation  of  4.16-THF  adopts  the  usual  bent  metallocene 
geometry  with  a  Cg(1)-Zr(1)-Cg(2)  bend  angle  of  137.65(9)°
  and  Zr-C(Cp
*) 
distances  ranging  from  2.567(7)  Å  to  2.664(5)  Å,  typical  for  Cp
*
2Zr 
complexes.
2a,5a,23  The  η
2-iminoacyl  ligand  is  located  in  the  plane  bisecting  the 
Cp
*-Zr-Cp
*  unit  and  coordinates  to  Zr  in  the  N-inside  fashion,  which  is  more 
common than the N-outside fashion for this type of iminoacyl ligands.
24,28f,28i,29f 
The C(125)-N(1) bond length 1.258(8) Å is similar to C=N distances found in 
related iminoacyl complexes,
28i,28f,25 which is significantly shorter compared to C-N 
distances of corresponding η
2-amino and amido-alkyl complexes (C-N ~ 1.44 Å).
26 
Both the iminoacyl nitrogen and carbon centers are planar (sum of the angles: 
359.8(8) and 360.0(9) Å). The Zr(1)-C(125) bond length 2.207(6) is comparable to 
that observed for Zr-C(sp
2) bonds in related iminoacyl complexes,
28i in contrast to 
longer  Zr-C(sp
3)  bonds  for  η
2-amino  and  analogue  oxygen  complexes
28i  as 
predicted from the change in hybridization at the carbon. However, depending on 
the  steric  congestion  of  the  complex,  elongation  of  Zr-C(sp
2)  bonds  has  been 
observed as a result of steric effects of bulky substituents on the α-C.
28i,28f The 
Zr(1)-N(1) distance of 2.259(5) Å is in the range of those observed for related η
2-
iminoacyl zirconium complexes.
28d,28i,28f,29f 
The 
1H NMR spectrum of the η
2-iminoacyl cation 4.16-THF is characterized by 
one Cp
* signal at δ 1.83 ppm, a singlet at δ 2.63 ppm for the C-Me group, and a 
triplet (δ 1.18 ppm, JHH = 7.3 Hz) and a quartet (δ 3.76 ppm, JHH = 7.3 Hz) for the 
ethyl  group.  The  downfield  shift  of  the  resonance  for  the  iminoacyl  carbon  at 
δ 246.3 ppm  indicates  η
2-bonding  of  the  iminoacyl  ligand.
27,28,29d  In  the  IR 
spectrum the corresponding iminoacyl υ(C=N) band was observed at 1642 cm
-1 
(KBr). Spectroscopic data are also in agreement with the presence of only one 
isomer,  in  which  the  iminoacyl  moiety  coordinates  to  the  Zr  in  the  N-inside 
fashion, as also seen in the solid state from the x-ray structure determination.  
Addition of an excess of AMT to a benzene-d6 suspension of 4.16 did not result 
in  a  reaction.  Addition  of  [(n-C4H9)4N]Br,  on  the  other  hand,  resulted  in Stability of the [Cp
*
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quantitative  formation  of  the  related  soluble  neutral  species  Cp
*
2Zr(η
2-C,N-
C(CH3)NC2H5)Br (4.17) (Scheme 4.14).  
 
 
Scheme 4.14 
 
The neutral compound 4.17 is characterized by one Cp
* signal at δ 1.73 ppm, a 
singlet at δ 2.03 ppm for the C-Me group, and a triplet (δ 1.06 ppm, JHH = 7.3 Hz) 
and  a  quartet  (δ 3.37 ppm,  JHH = 7.3 Hz)  for  the  ethyl  group.  The 
13C  NMR 
chemical shift for the iminoacyl carbon is found at δ 234.9 ppm, characteristic for 
η
2-coordination of the iminoacyl ligand.
27,28,29 In the IR spectrum the corresponding 
iminoacyl υ(C=N) band appears at 1644 cm
-1 (KBr). Only one isomer is observed 
for 4.17, but from spectroscopic data it is not possible to distinguish between an 
N-inside  or  N-outside  bonding  mode.  However,  it  is  likely  that  the  nitrogen 
occupies  the  central  coordination  site  as  found  for  analogous  iminoacyl 
complexes.
28,29 
Several iminoacyl
27 group 4 metal complexes are known and they are usually 
prepared  by  insertion  of  aryl  and  alkyl  isocyanides  into  neutral
28  or  cationic
29 
σ-hydrocarbyl metallocenes. In the present case, formation of compound 4.16 is 
likely to derive from the reaction of the naked cation [Cp
*
2ZrMe]
+ with Et3N, both 
generated upon protonolysis of one of the Zr-Me bonds of 3.1 by activation with 
the triethylammonium borate 2.1. As the poor solubility of the reaction mixture did 
not allow us for a direct NMR analysis, we set out to perform different NMR 
experiments  in  which  each  sample  was  quenched  by  addition  of  AMT  and 
[(n-C4H9)4N]Br at regular time intervals. Results are reported in Table 4.8. 
 
Table 4.8 Activation of 3.1 with 2.1 with subsequent addition of AMT in benzene. 
t  AMT consumed 
µmol (%) 
3.3 formed 
µmol (%) 
4.17 formed 
µmol (%) 
1h  -  -  13.8 (69%) 
2h  -  -  14.6 (73%) 
20h  -  -  15.2 (76%) 
t = contact time before addition of AMT; 2.1= [Et3NH][B(C6F5)4]; 20 µmol of 3.1 were 
used; 3.1 and 2.1 were added in equimolar amounts; 2 equivalents of AMT were added 
with  respect  to  3.1;  3.3=  Cp
*
2Zr(CH2CHMeCH2SMe)Br;  4.17=  Cp
*
2Zr(η
2-C,N-
C(CH3)NC2H5)Br.  
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As  previously  reported  in  Chapter  3,  quantitative  insertion  of  AMT  into  the 
Zr-Me bond of the cation [Cp
*
2ZrMe]
+ takes place when reaction of 3.1 and 2.1 is 
performed  in  the  presence  of  the  olefinic  substrate  (t = 0 h)  as  indicated  by 
exclusive  formation  of  neutral  species  3.3  upon  addition  of [(n-C4H9)4N]Br.  In 
contrast, activation of 3.1 in the absence of AMT leads to different results. At any 
interval  t > 0,  no  resonances  for  3.3  and  no  consumption  of  AMT  could  be 
observed in the 
1H NMR spectrum, but instead compound 4.17 was formed as the 
major product (up to 76% after 20 hours). After one hour in the absence of olefinic 
substrate,  the 
1H  NMR  spectrum  indicated  the  formation  of  a  mixture  of  4.17 
(69%) and other minor species characterized by singlets in the Cp
* area at δ 1.88 
ppm (7%), δ 1.91 ppm (12%) and δ 1.96 ppm (4%). Their intensity did not notably 
change  when  increasing  the  contact  time  between  the  precatalyst  3.1  and  the 
activator 2.1. Although those species do not seem to derive from reactions with 
AMT (as no AMT is consumed at any interval t > 0), at present there is insufficient 
evidence for their precise structure assignment.  
The hypothesis that triethylamine is the source of the iminoacyl moiety in 4.16 
and 4.17 was further confirmed by the observation that activation of a benzene-d6 
solution  of  3.1  with  trityl  borate  in  the  presence  of  one  equivalent  of  Et3N, 
followed by addition of [(n-C4H9)4N]Br, afforded the neutral species 4.17 as major 
product (73%) in addition to other unidentified species characterized by singlets in 
the Cp
* area at δ 1.81 ppm (7%), δ 1.88 ppm (6%), δ 1.92 ppm (10%). This process 
is accompanied by release of one equivalent of MeCPh3 (δ 2.03 ppm), indicative 
for  the  initial  formation  of  the  methyl  cation  [Cp
*
2ZrMe]
+,  and  a  total  of  one 
equivalent of H2 and CH4 and one equivalent of a mixture of ethane + propane 
(determined  by  a  Töpler  pump  experiment  and  identified  by  GC).  Similarly, 
overnight reaction of 3.1 with 2.1 in benzene-d6 is accompanied by liberation of a 
total  of  two  equivalents  of  H2  and  CH4  (one  equivalent  of  CH4  derives  from 
protonolysis  of  the  Zr-Me  bond  by  2.1)  and  a  total  of  one  equivalent  of 
ethane + propane (measured by means of a Töpler pump and identified by GC). 
Based on our observations, we tried to construct a plausible mechanism for the 
formation  of  4.16  as  a  product  of  the  reaction  of  [Cp
*
2ZrMe][B(C6F5)4]  with 
triethylamine in apolar solvents (Scheme 4.15). 
The gas mixtures and the reaction stoichiometry suggest that formation of 4.16 is 
likely  to  proceed  via  more  than  one  pathway.  According  to  the  first  path,  the 
cationic  species  [Cp
*
2ZrMe]
+  reacts  with  an  equimolar  amount  of  Et3N  (both 
generated upon protonolysis of 3.1 with 2.1) by a C-H activation process, yielding 
the  zirconocene  species  A  accompanied  by  release  of  an  equimolar  amount  of 
methane (Scheme 4.15, pathway i). Species A undergoes β-amido elimination to 
give [Cp
*
2ZrNEt2]
+ and ethylene as products. A few examples of related β-alkoxide 
eliminations have been previously reported for late-transition metals
30 as well as 
for early-transition metals.
31 The zirconocene diethylamido cation
32 [Cp
*
2ZrNEt2]
+ Stability of the [Cp
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could  undergo  β-hydride  elimination
31c,33  resulting  in  the  formation  of  the 
zirconocene hydride species  [Cp
*
2ZrH]
+  and  N-(ethylidene)ethylamine  (pathway 
iii). Related amido zirconocene complexes [Cp2ZrNR2]
+ (NR2 = NEt2, N-piperidyl) 
have been involved in the formation of the corresponding η
2-iminoacyl species 
resulting from the reaction of alkyl(amido)zirconocenes with triarylborane Lewis 
acids (see below).
32 As there is no evidence for ethylene in the gas mixture at the 
end of the reaction, it suggests that all ethylene released in step ii reacts further, 
resulting in the eventual liberation of an equimolar amount of a mixture of ethane 
and propane. Thus, part of the ethylene can insert into the Zr-H bond of the hyride 
cation  [Cp
*
2ZrH]
+  with  formation  of  the  ethyl  zirconocene  species 
[Cp
*
2Zr(CH2CH3)]
+ (pathway iv).
34 The latter can further react with an equimolar 
amount  of  N-(ethylidene)ethylamine  (formed  in  step  iii)  via  C-H  activation, 
affording the final product 4.16 and an equimolar amount of ethane (pathway v). 
Analogous  C-H  bond  activation/alkane  elimination  reactions  involving  N-
heterocycles were previously reported for cationic zirconocene alkyl complexes to 
yield corresponding three-membered azazirconacycles.
35 Concurrently, the cation 
[Cp
*
2ZrMe]
+  can  react  with  ethylene  (released  in  step  ii)  generating  the 
zirconocene  n-propyl  cation  [Cp
*
2Zr(CH2)2CH3]
+  (pathway  vi)
34  which  can  also 
effect  C-H  bond  activation  of  N-(ethylidene)ethylamine,  affording  4.16  and 
propane (pathway vii).
35 The in situ generated hydride cation [Cp
*
2ZrH]
+ (pathway 
viii) can also compete with [Cp
*
2ZrMe]
+ in the reaction with Et3N. This will result 
in the formation of 4.16 as final product (pathways ix-xii) according to a similar 
reaction  pathway  as  described  above  for  [Cp
*
2ZrMe]
+/Et3N.  This  process  is 
accompanied by liberation of equimolar amounts of H2 and ethane per mole of 
Et3N consumed by the zirconium hydride cation. CHAPTER 4 
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Scheme 4.15 
 
As  stated  above,  amidozirconocene  complexes  have  been  identified  as 
intermediates in the formation of the corresponding η
2-iminoacyl species. Erker et Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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al.
32  reported  that  thermolysis  of  [Cp2Zr(NEt2)][CH3B(C6F5)3]  (generated  by 
activation  of  Cp2ZrMe(NEt2)  with  B(C6F5)3)  resulted  in  the  formation  of  the 
zirconocene  complex  [Cp2Zr(η
2-C,N-C(CH3)NC2H5)][HB(C6F5)3]  (Cp = C5H5). 
Thus,  we  hypothesized  that  the  analogous  diethylamido  species 
[Cp
*
2ZrNEt2][B(C6F5)4] could be involved in the formation of 4.16 (Scheme 4.15). 
To  further  corroborate  our  hypothesis,  the  diethylamido  compound 
Cp
*
2ZrMe(NEt2) (4.18) was synthesized by reaction of Cp
*
2ZrMeCl with LiNEt2.
36 
Recrystallization from cold toluene afforded suitable crystals for x-ray structure 
analysis. The molecular structure of Cp
*
2ZrMe(NEt2) (4.18) is shown in Figure 4.5 
and selected bond distances and angles are given in Table 4.9.  
 
 
Figure 4.5 ORTEP representation of 4.18 showing 50% probability ellipsoids. The 
hydrogen atoms are omitted for clarity. 
 
Table 4.9 Selected bond distances (Å) and angles (°) of compound 4.18. 
Bond distances (Å)    Angles (°)   
Zr-N  2.099(2)  Cg(1)-Zr(1)-Cg(2)  132.820(4) 
Zr-Cg(1)  2.2983(3)  Zr-N-C(21)  132.16(17) 
Zr-Cg(2)  2.3131(3)  Zr-N-C(23)  117.88(17) 
Zr-C(25)  2.296(3)  N-C(21)-C(22)  114.1(2) 
N-C(21)  1.465(4)  N-C(23)-C(24)  113.4(2) 
N-C(23)  1.476(3)     
Cg(1) is defined as the centroid of the C(6)-C(10) ring; Cg(2) is defined as the centroid of 
the C(16)-C(19) ring. 
 
Compound  4.18  adopts  a  bent-sandwich  geometry  with  a  Cg(1)-Zr(1)-Cg(2) 
bend angle of 132.820(4)° typical for zirconocene complexes.
2,5,17a,23 The Zr-C(25) 
bond length of 2.296(3) (Å) compares well with literature data
15b,17a,38 and the Zr-N 
bond length of 2.099(2) (Å) is in line with values reported for zirconocene amido 
complexes.
37  CHAPTER 4 
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Activation of a benzene-d6 solution of 4.18 with [CPh3][B(C6F5)4] resulted in the 
formation of a dark orange oily precipitate accompanied by release of MeCPh3, 
indicative  for  the  initial  formation  of  the  diethylamido  species 
[Cp
*
2ZrNEt2][B(C6F5)4]. 
1H  NMR  spectroscopy  after  addition  of  THF-d8  to 
dissolve the reaction products indicated the formation of a mixture of 4.16-THF 
(Cp
*  at  δ 1.84  ppm)  and  other  zirconocene  species characterized  by  singlets at 
δ 1.91 ppm and δ 2.00 ppm in a 10:1:2.5 ratio. According to our observations, a 
plausible mechanism for this reaction is depicted in Scheme 4.16.  
 
 
Scheme 4. 16 
 
The initially formed diethylamido cation [Cp
*
2Zr(NEt2)]
+ (as indicated by release 
of MeCPh3) is expected to undergo β-hydride elimination yielding a zirconocene 
hydride species and N-(ethylidene)ethylamine. Subsequent C-H bond activation of 
the resulting N-alkyl aldimine results in 4.16 and dihydrogen.  
 
4.3.3   Conclusions 
 
The  results  presented  in  this section indicate that the  cationic  alkyl  complex 
[Cp
*
2ZrMe]
+
  is  not  stable  in  either  weakly  coordinating  (bromobenzene)  or 
non-coordinating (benzene) solvents when generated in the presence of Et3N, but 
that it rapidly transforms into species which are inactive towards olefinic insertion. 
According to our observations, these transformations are likely to be promoted by 
the amine base Et3N: in bromobenzene the reaction rate for the formation of the 
C-H activation product [Cp
*
2Zr(η
2-C,Br-2-BrC6H4)]
+ increases remarkably in the Stability of the [Cp
*
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presence of Et3N, while in benzene the zirconocene methyl cation [Cp
*
2ZrMe]
+ 
rapidly  reacts  with  free  Et3N  to  generate  the  zirconium  iminoacyl  cation 
[Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)]
+. 
Based  on  the  studies  of  the  stability  of  the  cationic  species  [Cp
*
2ZrMe]
+  in 
solution reported in this section it can be seen that the use of an olefinic trapping 
agent  (AMT),  followed  by  nucleophile  addition,  provides  a  reliable  method  to 
estimate the lifetime of the cationic species [Cp
*
2ZrMe]
+ under different conditions 
(activator, solvent) and to quantify the time dependence of the transformations of 
the catalyst by means of simple NMR spectroscopic techniques. Thus, the same 
procedure  should  be  applicable  to  analogous  supported  cationic  zirconocene 
catalysts.  The  next  section  focuses  on  the  stability  of  related  silica-supported 
systems in polar (bromobenzene) and apolar (benzene) solvents.  
 
4.4   Stability of silica-supported [Cp
*
2ZrMe]
+ 
 
As previously described (see Chapter 3 and section 4.2.2), reaction of 3.1 with 
the supported borate activators SiO2/TIBA/[Et3NH][p-HOC6H4B(C6F5)3] (2.11) and 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3] (4.3) in the presence of AMT resulted 
in  the  quantitative  formation  (and  concomitant  immobilization)  of  the  cationic 
species  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+,  subsequently  released  in  solution  as  the 
neutral  species  3.3  upon  reaction  with  [(n-C4H9)4N]Br.  Thus,  addition  of  the 
olefinic  substrate  at  different  time  intervals  should  allow  us  to  investigate  the 
shelf-life of the activated immobilized catalysts.  
 
4.4.1   Activation and quantification of Cp
*
2ZrMe2 supported on 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3] 
 
To  study  this,  several  samples  of  the  supported  activator 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3] (4.3) were contacted with a C6D5Br 
solution of 3.1 using a 1:1 stoichiometry of 3.1 to the borate in the presence of 
ferrocene  as  internal  standard.  Each  individual  sample  was  treated  with  allyl 
methyl thioether (AMT) after a specified time (1h, 2h, 24h) to trap the catalyst that, 
at that stage, is active for olefin polymerization followed (after 30 min) by addition 
of [(n-C4H9)4N]Br. Results are reported in Table 4.10.  
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Table 4.10 Immobilization of 3.1 with support 4.3 after quenching with AMT in 
C6D5Br. 
t  3.1 in sol 
µmol (%) 
AMT reacted 
µmol (%) 
3.3 formed 
µmol (%) 
4.8-d4 formed 
µmol (%) 
1.5h  1.5 (21%)  4.6 (33%)  4.6 (66%)  0.77 (11%) 
2.5h  1.3 (18%)  4.4 (32%)  4.2 (65%)  1.1 (16%) 
24h  -  4.2 (30%)  4.2 (60%)  2.1 (30%) 
t  =  contact  time  between  silica  and  3.1  before  addition  of  AMT + NBu4Br; 
3.1 = Cp
*
2ZrMe2;  3.1:  borate  ratio  is  1:1;  3.1:AMT  ratio  is  1:2; 
3.3 = Cp
*
2Zr(CH2CHMeCH2SMe)Br; 4.8-d4 = Cp
*
2Zr(η
2-C,Br-2-BrC6D4)Br. 
 
It was observed that on increasing the contact time with the supported activator, 
the amount of 3.1 in solution decreases with concurrent liberation of Me2NPh. At 
various  times  interval,  the 
1H  NMR  spectrum  after  addition  of  [(n-C4H9)4N]Br 
indicates the formation of a mixture of 3.3 and the C-D activation product 4.8-d4. 
Additionally, at any interval the concentration of 3.3 in solution equals the amount 
of AMT consumed indicating that the olefinic substrate only reacts with the alkyl 
cation [Cp
*
2ZrMe(C6D5Br)] (4.6-d5) initially formed. In the absence of substrate 
4.6-d5 undergoes an ortho C-D activation to afford the o-bromophenyl complex 
4.7-d4 which is then released in solution as the neutral species 4.8-d4 upon reaction 
with  [(n-C4H9)4N]Br.  After  24 h  contact  time,  the 
1H  NMR  spectrum  of  the 
reaction mixture shows also the formation of a small amount (8%) of Cp
*
2ZrBr2 
(Cp
*  at  δ 1.91 ppm)
11,12  as  previously  described  for  the  related  homogeneous 
system Cp
*
2ZrMe2/[Me2PhNH][B(C6F5)4].  
In a similar manner, the stability of this system was also studied in apolar solvent 
(benzene). The amounts of 3.1 and AMT that had reacted, and the amount of 3.3 
and  4.12  formed,  are  listed  in  Table  4.11.  As  previously  described  for  the 
analogous homogeneous system, the cationic species [Cp
*
2ZrMe]
+ is unstable in 
apolar solvents when generated in absence of substrate.  
 
Table 4.11 Immobilization of 3.1 with support 4.3 after quenching with AMT in 
C6D6. 
t  3.1 in solution 
µmol (%) 
AMT reacted 
µmol (%) 
3.3 formed 
µmol (%) 
4.12 formed 
µmol (%) 
1.5h  1.8 (26%)  4.6 (33%)  3.4 (49%)  1.0 (15%) 
2.5h  1.4 (20%)  4.9 (35%)  2.0 (29%)  2.8 (40%) 
24h  -  5.6 (40%)  0.56 (8%)  5.2 (75%) 
t = contact time between silica and 3.1 before addition of AMT + NBu4Br; 3.1: borate ratio 
is  1:1;  3.1:AMT  ratio  is  1:2;  3.3 = Cp
*
2Zr(CH2CHMeCH2SMe)Br; 
4.12 = Cp
*
2Zr(CH2SCH2CHMe)Br. 
 
When  the  catalyst  precursor  Cp
*
2ZrMe2  (3.1)  is  activated  in  the  presence  of 
AMT, quantitative formation (and subsequent release in solution) of the insertion Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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product 3.3 is observed. Activation of 3.1 in absence of AMT results in a mixture 
of  the  zirconocene  cation  [Cp
*
2ZrMe]
+  and  the  fulvene  cation 
[(η
5-Cp
*)(η
6-C5Me4CH2)Zr]
+.  At  various  times,  the  amount  of  AMT  consumed 
corresponds to an equimolar formation of the AMT insertion and C-H activation 
products  [Cp
*
2Zr(CH2CH(CH3)CH2SCH3)]
+  and  [Cp
*
2Zr(CH2SCH2CHCH2)]
+ 
which are then converted into the corresponding neutral species 3.3 (Cp
* resonance 
at  δ 1.81 ppm)  and  4.12  (Cp
*  resonance  at  δ 1.91 ppm)  after  reaction  with  Br
-. 
When increasing the contact time between 3.1 and the supported activator 4.3 in 
absence of AMT, the concentration of 4.12 gradually increases at the expenses of 
3.3.  The 
1H  NMR  spectrum  of  the  reaction  mixture  after  24  hours  shows  the 
formation of a mixture of 4.12 (75%) and ca. 8% Cp
*
2Zr(CH2CHMeCH2SCH3)Br 
(3.3) in addition to other minor unidentified species characterized by singlets at 
δ 1.73 ppm and δ 1.87 ppm.  
 
4.4.2   Activation and quantification of Cp
*
2ZrMe2 supported on 
SiO2/TIBA/[Et3NH][p-HOC6H4B(C6F5)3] 
 
Different  samples  of  the  supported  activator 
SiO2/TIBA/[Et3NH][p-HOC6H4B(C6F5)3]  (2.11)  were  treated  with  a  C6D5Br 
solution of 3.1 using a 1:1 stoichiometry of 3.1 to the borate present on the support. 
Each sample was then contacted with an excess of AMT after a specified time (1h, 
2h, 20h) followed by addition of [(n-C4H9)4N]Br (to release the neutral species in 
solution) in the presence of an internal standard for quantification (Table 4.12).  
 
Table 4.12 Activation of 3.1 on Al-modified silica 2.11 after quenching with AMT 
in C6D5Br. 
t  3.1 in solution 
µmol (%) 
AMT reacted 
µmol (%) 
3.3 formed 
µmol (%) 
4.8-d4 formed 
µmol (%) 
1h  1.5 (22%)  -  -  5.5 (78%) 
2h  1.3 (18%)  -  -  5.7 (82%) 
20h  -  -  -  7.0 (100%) 
t = contact time between silica and 3.1 before addition of AMT + NBu4Br; 7 µmol of 3.1 
were  used;  3.1:  borate  ratio  is  1:1;  2  equivalents  of  AMT  were  added; 
3.3 = Cp
*
2Zr(CH2CHMeCH2SMe)Br; 4.8-d4 = Cp
*
2Zr(η
2-C,Br-2-BrC6D4)Br. 
 
It  was seen that the amount of 3.1 in solution decreases with increasing the 
contact time with the activator in the absence of substrate. At any interval t > 0, no 
consumption of AMT was observed. The [Cp
*
2ZrMe]
+ species generated initially 
reacts  rapidly  with  the  solvent  C6D5Br  via  a  two-step  mechanism  (see  Section 
4.3.2) to yield the cationic species [Cp
*
2Zr(η
2-C,Br-2-BrC6D4)] that is no longer 
able to insert AMT.
11 Reaction of the support with [(n-C4H9)4N]Br resulted in the CHAPTER 4 
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release  of  the  neutral  complex  Cp
*
2Zr(η
2-C,Br-2-BrC6D4)Br  (4.8-d4)  in  solution 
(see above) as previously described in section 4.3.2 for the related homogeneous 
system. As the bromobenzene cation [Cp
*
2Zr(η
2-C,Br-2-BrC6D4)] is not active for 
olefin polymerization, this system was not studied further.  
The  stability  of  the  same  supported  catalyst  was  also  investigated  in  apolar 
solvents  (benzene)  according  to  the  procedure  described  above.  Results  are 
reported in Table 4.13.  
 
Table 4.13 Activation of 3.1 on Al-modified silica 2.11 after quenching with AMT 
in C6D6. 
t  3.1 left 
µmol (%) 
AMT reacted 
µmol (%) 
3.3 formed 
µmol (%) 
4.17 formed 
µmol (%) 
1h  1.5 (22%)  -  -  3.6 (51%) 
2h  0.84 (12%)  -  -  4.2 (60%) 
24h  -  -  -  5.2 (75%) 
t = contact time between silica and 3.1 before addition of AMT + NBu4Br; 7 µmol of 3.1 
were  used;  3.1:  borate  ratio  is  1:1;  AMT:3.1  ratio  is  2:1; 
3.3 = Cp
*
2Zr(CH2CHMeCH2SMe)Br; 4.17 = Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)Br. 
 
While immobilization of 3.1 in the presence of olefinic substrate results in the 
quantitative formation of the insertion product 3.3 (see Chapter 3), its activation in 
the  absence  of  AMT  affords  different  results.  On  increasing  the  contact  time 
between 3.1 and the supported activator 2.11, the concentration of the precatalyst 
in solution progressively decreases until all 3.1 is consumed. As already described 
for the analogous homogeneous system, at any interval t > 0 no consumption of 
AMT is observed. At each interval, the naked cation [Cp
*
2ZrMe]
+ initially formed 
reacts  with  free  Et3N  released  in  the  protonolysis  step  to  yield  the  iminoacyl 
species 4.16 which is then converted into the corresponding neutral complex 4.17 
upon addition of [(n-C4H9)4N]Br. After one hour upon addition of [(n-C4H9)4N]Br 
the 
1H NMR spectrum shows also the formation of other minor unidentified species 
at  δ 1.88  ppm  (6%),  δ 1.91  ppm  (11%)  and  δ 1.96  ppm  (6%)  that  did  not 
significantly change in intensity after 24 hours. 
 
4.5   Conclusions 
 
A  novel  strategy  has  been  devised  to  investigate  the  stability  and  nature  of 
activated catalyst species generated by reaction of a catalyst precursor (Cp
*
2ZrMe2) 
with an ammonium borate cocatalyst [R
1R
2R
3NH][B(C6F5)4] (R
1= R
2=Me, R
3=Ph, 
4.1; R
1= R
2= R
3= Et, 2.1). It was observed that formation and stability of the alkyl 
cation [Cp
*
2ZrMe]
+ is dependent on the type of solvent (THF, C6D5Br, C6D6) and 
ammonium activator used ([Et3NH]
+, [HNMe2Ph]
+). Whereas the cationic species Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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[Cp
*
2ZrMe]
+ is stabilized by coordination of Lewis base, in weakly coordinating 
(bromobenzene)  and  non-coordinating  (benzene)  solvents  it  is  too  reactive  to 
survive and it rapidly converts into species which are inactive towards insertion of 
the olefin substrate (AMT). As degradation of [Cp
*
2ZrMe]
+ occurs in all systems 
studied, stabilization of the “naked cation” appears to be beneficial, provided that 
the  stabilized  species  would  be  still  able  to  insert  olefins.  This  issue  will  be 
addressed in Chapter 5. 
This  procedure,  based  on  the  stabilization  of  the  activated  catalyst  by 
intramolecular Lewis base coordination, could be successfully extended to study in 
a quantitative manner the immobilization of analogous silica-supported catalysts 
and their behavior on the support.  
 
4.6   Outlook 
 
Stabilization  of  cationic  transition  metal  alkyl  species  by  intramolecular 
coordination of an olefinic substrate bearing a Lewis base functionality (e.g. allyl 
methyl sulfide) has been proven to be a suitable method to study and quantify the 
transformations of homogeneous and supported catalyst species. In principle, the 
use of a substrate to capture catalytically active species should be applicable to a 
wide  range  of  (polymerization)  catalysts,  provided  that  the  right  combination 
catalyst/substrate  can be  found.  Furthermore,  the  strength  of the intramolecular 
interaction  in  the  stabilized  active  catalyst  can  be  modified  to  obtain  the  right 
combination of thermal stability and reactivity in the presence of monomer (e.g. 
ethene). 
 
4.7   Experimental section 
 
General considerations. For general considerations see Chapter 2 and Chapter 3. 
Compound [Me2PhNH][B(C6F5)4] (4.1) (Strem Chemicals) was used as purchased. 
Et3N  (Merck)  was  distilled  from  CaH2.  The  compound  Cp
*ZrAd  (4.14) 
(Ad = η
7-C5Me3(CH2)2) was prepared according to a published procedure.
15a The 
borate  [Me2PhNH][p-HOC6H4B(C6F5)3]  (4.2)  was  synthesized  according  to  a 
literature procedure.
4 Synthesis of Cp
*
2ZrMeCl
38 (according to a modification of a 
literature procedure) and Cp
*
2Zr(NEt2)Me (4.18) were performed by S. van der 
Veer.  
NMR data for Me2NPh. 
1H NMR (400 MHz, THF-d8, d): 7.12 (t, JHH = 7.9 Hz, 
m-CH Ph, 2H), 6.7 (d, JHH = 8.1 Hz, o-CH Ph, 2H), 6.60 (t, JHH = 7.3 Hz, p-CH Ph, 
1H), 2.90 (s, NMe2, 6H). 
13C{
1H} NMR (75 MHz, THF-d8, d): 129.6 (s, m-CH 
PhNMe2), 117.2 (s, p-CH PhNMe2), 113.4 (s, o-CH PhNMe2), 40.7 (s, PhNMe2). CHAPTER 4 
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NMR  data  for  [B(C6F5)4]
-. 
13C{
1H}  NMR  (75 MHz,  THF-d8,  d):  150.9  (d, 
JCF = 242 Hz, o-CF), 140.9 (d, JCF = 245 Hz, p-CF), 138.8 (d, JCF = 248 Hz, m-CF). 
13C{
1H}  NMR  (75  MHz,  C6D5Br,  d):  150.1  (d,  JCF = 241 Hz,  o-CF),  140  (d, 
JCF = 244 Hz, p-CF), 138 (d, JCF = 241 Hz, m-CF). 
19F NMR (375 MHz, C6D5Br, 
d): -131.89 (br, o-F, 8F), -161.96 (t, J = 21.1 Hz, p-F, 4F), -165.91 (t, J = 17.3 Hz, 
m-F, 8F). 
NMR  data  for  Et3N.
  1H  NMR  (400 MHz,  THF-d8,  d):  2.43  (q,  JHH = 6.8 Hz, 
NCH2, 6H), 0.95 (t, JHH = 7.0 Hz, NCH2CH3, 9H). 
13C{
1H} NMR (75 MHz, THF-
d8, d): 47.55 (NCH2), 12.88 (NCH2CH3). 
 
Reaction of Cp
*
2ZrMe2 (3.1) with [Me2PhNH][B(C6F5)4] (4.1) in THF-d8. 
An NMR tube equipped with a Teflon (Young) valve was charged with Cp
*
2ZrMe2 
(3.1, 40 µmol, 14 mg) and one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 40 µmol, 
32 mg), connected to a vacuum line and degassed. THF-d8 (0.5 mL) was condensed 
onto the mixture at -196°C and the NMR tube was warmed to room temperature. 
The  mixture  turned  orange  and  gas  evolution  was  immediately  observed.  The 
amount of gas was determined by transferring the volatiles in a series of freeze-
thaw  cycles  through  a  cold  trap  (cooled  with  nitrogen/ethanol  mixture)  into  a 
calibrated volume. A total amount of 40 µmol (one equivalent) of methane was 
released  (measured  by  a  Töpler  pump).  The  ionic  compound 
[Cp
*
2ZrMe(THF-d8)][B(C6F5)4] (4.4) was formed quantitatively, together with free 
Me2NPh. 
1H  NMR  (400 MHz,  THF-d8,  d):  2.01  (s,  C5Me5,  30H),  0.41  (s,  ZrMe,  3H). 
13C{
1H} NMR (75 MHz, THF-d8, d): 125.18 (C5Me5), 51.2 (ZrMe), 11.65 (C5Me5).  
Addition of one equivalent of NBu4Br (40 µmol, 13 mg) to the THF-d8 solution 
resulted in quantitative formation of Cp
*
2ZrMe(Br) (4.5).  
1H  NMR  (400 MHz,  THF-d8,  d):  1.93  (s,  C5Me5,  30H),  -0.49  (s,  ZrMe,  3H). 
13C{
1H} NMR (75 MHz, THF-d8, d): 119.9 (C5Me5), 41.3 (ZrMe), 12.4 (C5Me5).  
 
Reaction of Cp
*
2ZrMe2 (3.1) with [Et3NH][B(C6F5)4] (2.1) in THF-d8. 
In an NMR tube a THF-d8 solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 40 µmol, 14 mg) 
was  treated  with  one  equivalent  of  [Et3NH][B(C6F5)4]  (2.1,  40 µmol,  31 mg). 
Immediate  formation  of  compound  [Cp
*
2ZrMe(THF)][B(C6F5)4]  (4.4)  and  free 
Et3N was observed.  
Addition  of  one  equivalent  of  NBu4Br  (40 µmol,  13 mg)  afforded  the  neutral 
compound Cp
*
2ZrMe(Br) (4.5). For NMR data see above. 
In a separate experiment, Cp
*
2ZrMe2 (3.1, 40 µmol, 14 mg) was treated with one 
equivalent of [Et3NH][B(C6F5)4] (2.1, 40 µmol, 31 mg) in 0.5 mL THF-d8. Signals 
for [Cp
*
2ZrMe(O(CD2)4Et3N)][B(C6F5)4] (4.15-d8) started to grow in at the expense 
of 4.4. After 14 days at room temperature the 
1H NMR spectrum showed a mixture 
of 4.4 and 4.15-d8 (ratio 1:10). For 
1H NMR spectrum of 4.4, see above.  Stability of the [Cp
*
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1H NMR 4.15-d8 (400 MHz, THF-d8, d): 3.27 (q, JHH = 7.14 Hz, NCH2, 6H), 1.85 
(s, C5Me5, 30H), 1.29 (t, JHH = 6.5 Hz, NCH2CH3, 9H), -0.49 (s, ZrMe, 3H).  
In a separate experiment a THF-d8 solution of 4.4 (generated in situ by reaction of 
3.1 with one equivalent of trityl borate) was contacted with one equivalent of Et3N 
(40 µmol, 5.5 µL). The THF-adduct 4.4 was initially formed quantitatively. After 
14 days at room temperature a mixture of 4.4 and 4.15-d8 (ratio 1:10) was formed. 
For NMR data see above.  
 
Reaction of Cp
*
2ZrMe2 (3.1) with [Et3NH][B(C6F5)4] (2.1) in THF-H8.  
In a Schlenk vessel a THF solution (10 mL) of [Cp
*
2ZrMe(THF)][B(C6F5)4] (4.4, 
100 µmol, 113 mg) was treated with Et3N (100 µmol, 14 µL). The reaction mixture 
was stirred at room temperature for 15 days. Solvent and volatiles were removed 
under reduced pressure, leaving a pale yellow foam. The solid was washed with 
pentane and dried under vacuum. The 
1H NMR spectrum shows the formation of a 
mixture of 4.15 and the THF-adduct 4.4 (ratio 10:1). For NMR data of 4.4, see 
above. 
1H NMR 4.15 (400 MHz, THF-d8, d): δ 4.06 (t, JHH = 6.2 Hz, OCH2, 2H), 3.29 (q, 
JHH= 7.2 Hz, NCH2, 6H), 3.13 (m, NCH2, 2H), 1.86 (s, C5Me5, 30H), 1.54 (m, CH2, 
2H),  1.44  (m,  CH2,  2H), 1.30  (dd,  JHH  =  4.6,  2.7, 8H),  -0.48  (s,  1H).  1.29  (t, 
JHH = 6.3 Hz, NCH2CH3, 9H), -0.49 (s, ZrMe, 3H). 
13C{
1H} NMR 4.15 (75 MHz, 
THF-d8, d): 118.1 (C5Me5), 71.5 (OCH2), 68.8 (NCH2), 53.6 (NCH2), 31.0 (ZrMe), 
26.5 (CH2), 19.6 (CH2), 11.5 (C5Me5), 7.6 (NCH2CH3).  
 
NMR  tube-scale  reaction:  generation  of  [Cp
*
2ZrMe(C6D5Br-κBr)][B(C6F5)4] 
(4.6-d5). 
Method A): In an NMR tube Cp
*
2ZrMe2 (3.1, 50 µmol, 20 mg) was treated with 
one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 50 µmol, 40 mg) in 0.5 mL C6D5Br. 
The  solution  turned  orange  and  the  ionic  species  [Cp
*
2ZrMe(C6D5Br-
κBr)][B(C6F5)4] (4.6-d5) was formed together with free PhNMe2. 
Method B): In an NMR tube Cp
*
2ZrMe2 (3.1, 7.8 mg, 0.020 mmol) was treated 
with  one  equivalent  of  [Ph3C][B(C6F5)4]  (18.5  mg,  0.020  mmol)  in  0.4  mL  of 
C6D5Br. After 10 minutes quantitative formation of 4.6-d5 and free Ph3CCH3 was 
observed by 
1H and 
13C NMR spectroscopy. 
1H  NMR  (400 MHz,  C6D5Br,  d):  1.60  ,(s,  C5Me5,  30H),  0.23  (s,  ZrMe,  3H). 
13C{
1H} NMR (75 MHz, C6D5Br, d): 125.0 (C5Me5), 57.9 (ZrMe), 11.2 (C5Me5).  
 
Generation of Cp
*
2ZrMe(Br) (4.5) in C6D5Br. 
To a C6D5Br solution of 4.6-d5 (50 µmol, generated in situ as described above) was 
added  one  equivalent  of  NBu4Br  (50 µmol,  16 mg).  The  neutral  species 
Cp
*
2ZrMe(Br) (4.5) was formed quantitatively.  CHAPTER 4 
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1H  NMR  (400 MHz,  C6D5Br,  d):  1.83  (s,  C5Me5,  30H),  -0.33  (s,  ZrMe,  3H). 
13C{
1H} NMR (75 MHz, C6D5Br, d): 119.8 (C5Me5), 58.3 (ZrMe), 11.9 (C5Me5). 
 
NMR tube-scale reaction: formation of Cp
*
2Zr(CH2CHMeCH2SMe)Br (3.3). 
In an NMR tube a C6D5Br solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 10 µmol, 4 mg) 
was treated with one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 10 µmol, 8 mg) and 
an  excess  of  AMT  (12 µmol,  1.32 µL).  The  ionic  complex 
[Cp
*
2Zr(CH2CHMeCH2SMe)][B(C6F5)4] (3.2) was readily formed resulting in an 
orange solution. For 
1H and 
13C NMR data see Chapter 3. Similar results were 
obtained in C6D6. For NMR data see Chapter 3.  
 
Formation of [Cp
*
2Zr(η
2-C,Br-2-BrC6H4)][B(C6F5)4] (4.7). 
In  an  NMR  tube  a  C6H5Br  solution  (0.5 mL)  of  Cp
*
2ZrMe2  (3.1,  16  mg, 
0.040 mmol)  was  added  to  one  equivalent  of  [Et3NH][B(C6F5)4]  (2.1,  31  mg, 
0.040 mmol). Immediately the reaction mixture turned orange. The solvent and 
volatiles  were  removed  under  reduced  pressure  and  the  orange  solid  was 
redissolved  in  0.5  mL  C6D5Br  for  NMR  characterization.  The  product  was 
identified as [Cp
*
2Zr(η
2-C,Br-2-BrC6H4)][B(C6F5)4] (4.7). The 
1H and 
13C NMR 
spectra  are  comparable  to  those  of  the  corresponding  chlorobenzene-derived 
complex [Cp
*
2Zr(η
2-C,Cl-2-ClC6H4)][B(C6F5)4] reported by Jordan et al.
11  
1H NMR (400 MHz, C6D5Br, d): 7.15 (t, JHH = 7 Hz, Ar, 1H), 7.00 (overlapping 
with C6D5Br peaks, Ar, 2H), 6.78 (d, JHH = 7 Hz, Ar, 1H), 1.48 (s, C5Me5, 30H). 
13C{
1H} NMR (75 MHz, C6D5Br, d): 180.0 (ZrC), 136.6 (CBr), 130.0 (Ar CH), 
129.5 (Ar CH), 126.0 (C5Me5), 125.1 (Ar CH), 123.7 (Ar CH), 10.7 (C5Me5).  
In a separate experiment an NMR tube charged with Cp
*
2ZrMe2 (3.1, 40 µmol, 
16 mg)  and  one  equivalent  of  [Et3NH][B(C6F5)4]  (2.1,  40 µmol,  31 mg)  was 
connected to a vacuum line and evacuated. C6H5Br (0.5 mL) was condensed onto 
the  mixture  at  -196°C  and  the  NMR  tube  was  warmed  to  room  temperature. 
Immediately the reaction mixture turned orange and two equivalents (80 µmol) of 
methane (measured by Töpler pump experiment) evolved.  
To a C6D5Br solution of 4.7-d4 (see above) an excess of AMT was added (80 µmol, 
8.8 µL), but no reaction was observed. GC-MS analysis of the hydrolyzed reaction 
mixture  (methanol)  showed  C6H5Br  and  unreacted  allyl  methyl  thioether  (in 
addition to the ligand hydrolysis products C5Me5H and C6F5H). Formation of sec-
butyl  methyl  sulfide  (indicative  for  the  generation  of  the  insertion  product 
[Cp
*
2Zr(CH2CHMeCH2SMe)]
+) was not observed. GC-MS AMT (EI, 70 eV): m/z 
88 (M
 +, 100), 73 (80), 61 (25), 45 (72), 41 (50). GC-MS C6H5Br (EI, 70 eV): m/z 
158 (M
+, 75), 156 (76), 77 (100), 51 (35). 
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Decomposition of Cp
*
2ZrMe(C6D5Br-κBr)][B(C6F5)4] (4.6-d5) in the presence 
of Et3N. 
Method  A):  In  an  NMR tube  a  C6D5Br  solution of  3.1  (15  mol,  5.8 mg)  was 
contacted with one equivalent of anilinium borate 4.1 (15  mol, 12 mg). Formation 
of  [Cp
*
2ZrMe(C6D5Br)][B(C6F5)4]  (4.6-d5)  was  confirmed  by 
1H  NMR 
spectroscopy.  After  20  minutes,  addition  of  one  equivalent  of  Et3N  (15  mol, 
2.1 µL) resulted instantaneously in the quantitative formation of 4.7-d4. 
Method  B):  Activation  of  3.1  (15  mol,  5.8 mg)  with  one  equivalent  of 
[CPh3][B(C6F5)4] (15  mol, 13.8 mg) in the presence of one equivalent of Et3N 
(15  mol, 2.1 µL) afforded similar results.  
In a series of separate experiments 4.6-d5 was generated in C6D5Br solution (0.4 
mL)  using  Cp
*
2ZrMe2  (3.1,  5.8  mg,  15  mol)  and  [Ph3C][B(C6F5)4]  (14  mg, 
15  mol).  To  these  solutions,  sub-stoichiometric  amounts  of  Et3N  were  added 
using calibrated gas bulb additions (0.01 eq., 0.08 eq., and 0.1 eq.) resulting in an 
increase of the C-D activation reaction rate. Results are reported in Table 4.4.  
 
Decomposition of Cp
*
2ZrMe(C6D5Br-κBr)][B(C6F5)4] (4.6-d5) in the presence 
of NMe2Ph: kinetic experiments. 
In  NMR  tubes,  samples  of  3.1  (7.8  mg,  0.020  mmol)  were  treated  with  one 
equivalent of [Ph3C][B(C6F5)4] (18.5 mg, 0.020 mmol) in 0.4 mL of C6D5Br and 
after 10 minutes different quantities of PhNMe2 were added (1.1, 2.6, 3.6, 5.1, 10.6 
and  21.1  equiv.).  The  reactions  were  followed  by 
1H  NMR  spectroscopy  at 
T = 25°C.  The  concentration  of  the  starting  material  and  the  product  were 
determined by integration versus Ph3CCH3. The data thus obtained was fitted to our 
kinetic model  
d[4.6-d5]/dt = -(kuncat + kcat [PhNMe2])[4.6-d5] 
using a non-linear regression approach with the program SigmaPlot 11.0. Analysis 
of the data (R
2 = 0.9828) resulted in kuncat = 2.69(8)10
-6 s
-1 and kcat = 5.52(7)10
-5 L 
mol
-1 s
-1.  
 
Decomposition of [Cp
*
2ZrMe(C6D5Br-κBr)][B(C6F5)4] (4.6-d5) in the presence 
of p-
tBu-Me2NPh or p-Br-Me2NPh. 
In  NMR  tubes,  samples  of  3.1  (7.8  mg,  0.020  mmol)  were  treated  with  one 
equivalent of [Ph3C][B(C6F5)4] (18.5 mg, 0.020 mmol) in 0.4 mL of C6D5Br and 
after  10  minutes  5  eq.  of  p-
tBu-Me2NPh  or  p-Br-Me2NPh  were  added.  The 
reactions  were  followed  in  time  in  the  NMR  spectrometer  at  T = 25°C  and 
measurements were taken in an array of regular intervals. The rate constants k were 
determined by 
1H NMR following the disappearance of the zirconocene methyl 
cation [Cp
*
2ZrMe(C6D5Br)]
+ relative to [MeCPh3]. The concentration versus time 
was  fitted  using  our  kinetic  model  and  kuncat = 2.69(8)10
-6  s
-1  resulting  in CHAPTER 4 
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kcat = 6.0(4)10
-5 L mol
-1 s
-1 (R
2 = 0.9807) for p-
tBu-Me2NPh and kcat = 4.0(7)10
-6 L 
mol
-1 s
-1 (R
2 = 0.9840) for p-Br-Me2NPh. 
 
Decomposition of [Cp
*
2ZrMe(BrC6D5-κBr)][B(C6F5)4] (4.6-d5) in the absence of 
amine. 
In  an  NMR  tube  Cp
*
2ZrMe2  (3.1,  12  mg,  0.030  mmol)  was  treated  with  one 
equivalent of [Ph3C][B(C6F5)4] (28 mg, 0.030 mmol) in 0.5 mL of C6D5Br. After 
10 minutes quantitative formation of ionic species [Cp
*
2ZrMe(C6D5Br)][B(C6F5)4] 
(4.6-d5) and free Ph3CCH3 was observed by 
1H NMR spectroscopy at T = 25°C. 
After  7  days  all  [Cp
*
2ZrMe(BrC6D5)][B(C6F5)4]  had  reacted,  as  determined  by 
integration  versus  Ph3CCH3.  Two  major  products  were  observed,  identified  as 
[Cp
*
2Zr(2-BrC6D4-κ
2Br,C)][B(C6F5)4]  (4.7-d4)  and  [(η
4:η
1-
C5Me5C6D4)Cp
*ZrBr][B(C6F5)4] (4.9-d4). The two species were observed in a 1:1 
ratio. With time 4.9-d4 grew at the expense of 4.7-d4 and after 14 days the two 
compounds were observed in a 1:3 ratio. GC/MS analysis of the quenched sample 
(methanol)  showed  the  presence  of  (pentamethyl-cyclopenta-2,4-dienyl)-
tetradeuterobenzene (m/z = 216).  
 
Generation of [Cp
*
2Zr(η
2-C,Br-2-BrC6H4)][B(C6F5)4] (4.7). 
In  an  NMR  tube  Cp
*
2ZrMe2  (3.1,  40   mol,  16  mg)  was  contacted  with  an 
equimolar  amount  of  [Et3NH][B(C6F5)4]  (2.1,  40  mol,  31  mg)  in  C6H5Br. 
Immediately gas evolution (CH4) was observed and the solution turned orange. 
Solvent and volatiles were evaporated under reduced pressure and the solid was 
dissolved  in  0.5  mL  C6D5Br.  Compound  [Cp
*
2Zr(2-BrC6H4-κ
2Br,C)][B(C6F5)4] 
(4.7) was identified as the only product (see above). The progress of the reaction 
was monitored by 
1H NMR spectroscopy over a period of 16 days. The amount of 
[Cp
*
2Zr(2-BrC6H4-κ
2Br,C)][B(C6F5)4]  (4.7)  decreased  in  time  accompanied  by 
formation of a new species, identified as [η
4, η
1-C5Me5C6H4Cp
*ZrBr][B(C6F5)4] 
(4.9). After 28 hours at room temperature a mixture of 4.7 : 4.9 in a ratio 5:1 was 
observed. The conversion of 4.7 into 4.9 was completed after 16 days at room 
temperature. 
1H NMR (400 MHz, C6D5Br, d): 7.22 (m, Ar, 2H), 7.11 (t, JHH = 7.0 Hz, Ar, 1H), 
6.94 (t, JHH = 6.2 Hz, Ar, 1H), 1.92 (s, η
4-C5Me5, 3H), 1.81 (s, η
5-C5Me5, 15H), 
1.73 (s, η
4-C5Me5, 3H), 1.59 (s, η
4-C5Me5, 3H), 1.53 (s, η
4-C5Me5, 3H), 1.29 (s, η
4-
C5Me5, 3H).
 13C{
1H} (75 MHz, C6D5Br, d): 190.6 (ZrC), 166.68 (Ar), 158.76 (Ar), 
142.56  (Ar),  138.20  (Ar),  132.41  (Ar),  131.31  (Ar),  129.76  (Ar),  127.85  (Ar), 
124.49 (Ar), 118.85 (η
5-C5Me5), 61.19 (η
4-C5Me5), 26.34 (η
4-C5Me5), 15.28 (η
4-
C5Me5), 12.63 (η
4-C5Me5), 12.57 (η
5-C5Me5), 12.47 (η
4-C5Me5), 12.45 (η
4-C5Me5). 
GC-MS analysis of the hydrolyzed product (methanol) indicated the formation of 
C5Me5C6H5. GC-MS: (EI, 70 eV): m/z 212 (M
+, 100), 197 (60), 182 (28), 165 (25), 
155 (17), 141 (12), 128 (11), 119 (15), 105 (12), 91 (15), 77 (11), 51 (6). Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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Formation of Cp
*
2Zr(η
2-C,Br-2-BrC6H4)(Br) (4.8) (NMR tube experiment). 
A C6D5Br solution of 4.7 (generated by reaction of 3.1 with [Et3NH][B(C6F5)4] in 
C6H5Br) was contacted with one equivalent of NBu4Br (40 µmol, 13 mg) resulting 
in the quantitative formation of the neutral complex Cp
*
2Zr(η
2-C,Br-2-BrC6H4)Br 
(4.8). 
1H  NMR  (400 MHz,  C6D5Br,  d):  7.84  (d,  JHH = 7.7 Hz,  Ar,  1H),  7.42  (d, 
JHH = 7.7 Hz, Ar, 1H), 6.90 (t, JHH = 7.3 Hz, Ar, 1H), 6.76 (t, JHH = 7.3 Hz, Ar, 
1H), 1.86 (s, C5Me5, 30H). 
13C{
1H} NMR (75 MHz, C6D5Br, d): 195.7 (Zr-C), 
140.0 (CBr), 134.9 (s, Ar CH), 133.3 (Ar CH), 129.6 (Ar CH), 123.4 (Ar CH), 
123.1 (C5Me5), 12.7 (C5Me5).  
 
Reaction of [Me2PhNH][B(C6F5)4] (4.1) with Cp
*
2ZrMe2 (3.1) in C6D6. 
An NMR tube was charged with a mixture of Cp
*
2ZrMe2 (3.1, 20 µmol, 8 mg) and 
[Me2PhNH][B(C6F5)4] (4.1, 20 µmol, 16 mg) and connected to a vacuum line. C6D6 
(0.5 mL)  was  condensed  onto  the  mixture  at  -196°C  and  the  NMR  tube  was 
warmed to room temperature. A red oily precipitate was formed and gas evolution 
was observed. After 25 hours a total of 1.85 equivalents (37 µmol) of methane had 
formed (measured by Töpler pump). Some drops of THF-d8 were added to the 
NMR  tube  until  a  clear  dark  red-purple  solution  was  observed.  The 
1H  NMR 
spectrum  indicated  the  formation  of 
[(η
5-Cp
*)(η
5:η
1-C5Me4CH2)Zr(THF)][B(C6F5)4]  (4.10-THF-d8)  as  major  product 
(85%).  
1H NMR (300 MHz, C6D6/THF-d8, d): 2.14 (d, JHH = 7.08 Hz, ZrCHH, 1H), 1.91 
(d, JHH = 7.2 Hz, ZrCHH, 1H), 1.57 (s, C5Me5, 15H), 1.54 (s, C5Me4, 6H), 1.05 (s, 
C5Me4, 3H), 1.01 (s, C5Me4, 3H).  
Addition  of  an  excess  of  NBu4Br  (40 µmol,  13 mg)  resulted  in  a  dark  orange 
solution.  The  reaction  mixture  was  analyzed  by 
1H  NMR  spectroscopy  and 
compound [(η
5-Cp
*)(η
5:η
1-C5Me4CH2)ZrBr (4.13) was identified as major species 
(83%).  
1H NMR (300 MHz, C6D6/THF-d8, d): 2.40 (d, JHH = 5.9 Hz, ZrCHH, 1H), 1.86 (s, 
C5Me4, 6H), 1.85 (s, C5Me5, 15H), 1.67 (d, JHH = 6.1 Hz, ZrCHH, 1H), 1.63 (s, 
C5Me4, 3H), 1.35 (s, C5Me4, 3H).  
 
Synthesis of [Cp
*{η
5:η
1-C5Me4(CH2)}Zr(THF)][BPh4].  
THF (1 mL) was added to a mixture of Cp
*(η
5:η
1:η
1-C5Me3(CH2)2}Zr (58.8 mg, 
0.163  mmol)  and  [Me2PhNH][BPh4]  (72.1  mg,  0.163  mmol).  After  5  minutes 
cyclohexane  (3  mL)  was  carefully  layered  on  top  of  the  resulting  dark  purple 
solution which, after overnight diffusion of the cyclohexane solvent into the THF 
solution, resulted in the formation of purple crystals. Decanting of the supernatant 
and washing with pentane (3 mL) afforded 98.3 mg (0.131 mmol, 80%) of the title CHAPTER 4 
  112 
compound after evaporation of the residual pentane. Anal. Calcd. for C48H47BOZr: 
C 76.66%, H 7.64%; Found: C 76.60%, H 7.72%. 
1H NMR (400 MHz, THF-d8, δ): 7.24 (br, o-Ph, 8H), 6.82 (t, JHH=7.3 Hz, m-Ph, 
8H), 6.68 (t, JHH=7.3 Hz, p-Ph, 4H), 2.45 (d, JHH=6.9 Hz, ZrCHH, 1H), 2.13 (d, 
JHH=6.9 Hz,  ZrCHH, 1H), 2.00 (s, C5Me4, 3H), 1.96 (s, C5Me5, 15H), 1.94 (s, 
C5Me4, 3H), 1.40 (s, C5Me4, 3H), 1.37 (s, C5Me4, 3H). 
13C{
1H} NMR (125.5 MHz, 
THF-d8,  δ):  165.4  (BPh4-ipso),  137.3  (BPh4),  131.4  (C5Me4CH2),  129.3 
(C5Me4CH2),  127.4  (C5Me4CH2),  126.6  (C5Me4CH2),  125.9  (BPh4),  124.6 
(C5Me4CH2), 124.3 (BPh4), 122.1 (Cp
*), 74.4 (C5Me4CH2), 12.5 (C5Me4CH2), 11.7 
(Cp
*), 11.4 (C5Me4CH2), 11.1 (C5Me4CH2), 11.0 (C5Me4CH2).  
 
Synthesis of Cp
*
2Zr(Br)CH2SCH2CHCH2 (4.12). 
A  benzene  solution  (0.5 mL)  of  (η
5-Cp
*)[η
7-C5Me3(CH2)2]Zr  (4.14,  100 µmol, 
35 mg) was reacted with one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 100 µmol, 
80 mg) affording a red oily precipitate. To the reaction mixture an excess of AMT 
(110 µmol, 12.1 µL) was added. After 1 hour the reaction mixture was contacted 
with  an  excess  of  NBu4Br  (200 µmol,  64 mg),  resulting  in  an  orange  solution. 
Addition of 3 mL of pentane to the reaction mixture resulted in the precipitation of 
a  white  solid  which  was  identified  by 
1H  and 
19F  NMR  spectroscopy  as 
[NBu4][B(C6F5)4].
39  The  yellow  solution  was  carefully  decanted.  Solvent  and 
volatiles were removed under reduced pressure to give compound 4.12 as a dark 
yellow solid. 
Yield: 75% (75 µmol, 40 mg). Anal. Calcd. for C24H37BrSZr: C 54.52%; H 7.05%. 
Found:  C  53.90%;  H  6.95%. 
1H  NMR  (300 MHz,  THF-d8,  d):  5.72  (m, 
JHH = 7.4 Hz,  CH,  1H),  4.95  (dd,  JHH = 10 Hz,  16 Hz,  CHCH2,  2H),  2.85  (d, 
JHH = 7.2 Hz, SCH2, 2H), 1.99 (s, C5Me5, 30H), 1.23 (s, ZrCH2, 2H). 
13C{
1H}NMR 
(75 MHz, THF-d8, d): 136.1 (CH), 121.8 (C5Me5), 116.0 (CHCH2), 46.1 (ZrCH2), 
44.1 (SCH2), 12.6 (C5Me5). 
Alcoholysis  of  4.12  with  CD3OD  yielded  mono-deuterated  allylmethylsulfide 
CH2CHCH2SCH2D. GC-MS (EI, 70 eV): m/z 89 (M
·+ 60), 73 (100), 61 (20), 47 
(35), 45 (88), 41 (60), 39 (80), 35 (4), 27 (8). 
1H NMR (500 MHz, THF-d8, d): 5.73 
(m, CH, 1H), 5.03 (m, CHCH2, 2H), 3.05 (d, JHH= 7.1 Hz), 1.93 (t, JHD= 1.8 Hz, 
SCH2D). 
13C{
1H} NMR (125 MHz, THF-d8, d): 135.6 (CH), 116.8 (CHCH2), 37.5 
(SCH2), 14.1 (t, JCD= 21.2 Hz, SCH2D). 
 
Reaction of Cp
*ZrAd (4.14) with [Me2PhNH][B(C6F5)4] (4.1) in THF-d8. 
In an NMR tube a THF-d8 solution (0.5 mL) of 4.14 (40 µmol, 14 mg) was treated 
with  one  equivalent  of  4.1  (40 µmol,  32 mg)  resulting  in  a  purple  solution. 
[(η
5-Cp
*)(η
5:η
1-C5Me4CH2)Zr(THF)][B(C6F5)4]  (4.10-THF-d8)  was  formed 
quantitatively, together with free Me2NPh. Stability of the [Cp
*
2ZrMe]-cation generated by ammonium borate activators 
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1H  NMR  (400 MHz,  THF-d8,  d):  2.55  (d,  JHH = 6.9 Hz,  ZrCHH,  1H),  2.21  (d, 
JHH = 7.2 Hz, ZrCHH, 1H), 2.08 (s, C5Me4, 6H), 2.06 (s, C5Me5, 15H), 1.52 (s, 
C5Me4,  3H),  1.47  (s,  C5Me4,  3H). 
13C{
1H}  NMR  (75 MHz,  THF-d8,  d):  131.4 
(C5Me4),  129.2  (C5Me4),  127.6  (C5Me4),  126.7  (C5Me4),  124.8  (C5Me4),  124.4 
(C5Me5), 74.4 (ZrCH2), 12.1 (C5Me4), 11.5 (C5Me5), 11.2 (C5Me4), 10.9 (C5Me4).  
Addition of one equivalent of NBu4Br (40 µmol, 13 mg) to the NMR tube afforded 
compound  [(η
5-Cp
*)(η
5:η
1-C5Me4CH2)]ZrBr  (4.13)  quantitatively.  NMR 
spectroscopic features are comparable to those of related chloride complexes.
40 
1H NMR (400 MHz, THF-d8, d): 2.18 (d, JHH = 6.05 Hz, ZrCHH, 1H), 1.98 (s, 
C5Me5, 15H), 1.93 (s, C5Me4, 3H), 1.94 (s, C5Me4, 3H), 1.69 (s, C5Me4, 3H), 1.61 
(d,  JHH = 6.07 Hz,  ZrCHH,  1H),  1.54  (s,  C5Me4,  3H). 
13C{
1H}  NMR  (75 MHz, 
THF-d8, d): 128.7 (C5Me4), 122.3 (C5Me4), 121.8 (C5Me4), 120.6 (C5Me5), 120 
(C5Me4), 67.8 (ZrCH2), 15.4 (C5Me4), 12.5 (C5Me5), 12.4 (C5Me4), 11.4 (C5Me4), 
10.9 (C5Me4).  
 
NMR  tube-scale  experiment:  stability  of  the  homogeneous  system 
Cp
*
2ZrMe2/[Me2PhNH][B(C6F5)4] in polar solvents (C6D5Br).  
In NMR tubes, samples of Cp
*
2ZrMe2 (3.1, 20 µmol, 8 mg) were treated with one 
equivalent of [Me2PhNH][B(C6F5)4] (4.1, 20 µmol, 16 mg) in 0.5 mL C6D5Br in 
the presence of ferrocene (60 µmol, 11 mg) as internal standard. Immediately gas 
(methane) was released. To the NMR tubes an excess of AMT (40 µmol, 4.4 µL) 
was added after a specified time (1h, 2h, 24h). After 30 minutes contact time with 
AMT, the reaction mixtures were contacted with an excess of NBu4Br (40 µmol, 
13 mg) producing a yellow solution. The results are shown in Table 4.1.  
 
NMR  tube-scale  experiment:  stability  of  the  homogeneous  system 
Cp
*
2ZrMe2/[Me2PhNH][B(C6F5)4] in apolar solvents (C6D6).  
In NMR tubes, samples of Cp
*
2ZrMe2 (3.1, 20 µmol, 8 mg) were treated with one 
equivalent of [Me2PhNH][B(C6F5)4] (4.1, 20 µmol, 16 mg) in 0.5 mL C6D6 in the 
presence  of  ferrocene  (18 µmol,  5 mg)  as  internal  standard.  Immediately  gas 
(methane) was released and a dark orange oily precipitate was formed. An excess 
of AMT (40 µmol, 4.4 µL) was added to the NMR tubes after a specified time (1h, 
2h, 24h). After 30 minutes contact time with AMT, the reaction mixtures were 
contacted with an excess of NBu4Br (40 µmol, 12.8 mg). The results are shown in 
Table 4.2.  
 
Synthesis of Cp
*
2ZrMeCl. 
In a double-Schlenk vessel to a toluene solution (20 mL) of (η
5-C5Me5)2ZrMe2 (3.1, 
450 mg, 1.14 mmol) was added an equimolar amount of [HNMe2Ph]Cl (179.0 mg, 
1.14 mmol). The reaction was stirred for 1.5 hours at room temperature. Removal 
of  solvent  and  volatiles  under  reduced  pressure  resulted  in  a  white  powder. CHAPTER 4 
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Recrystallization from toluene at -30°C afforded off white crystals in 75% yield 
(472.6 mg, 1.14 mmol). The NMR data are comparable to literature values.
38  
1H NMR (200 MHz, C6D6, δ): 1.79 (s, Cp
*, 30H), -0.017 (s, ZrMe, 3H). 
 
Synthesis of Cp
*
2Zr(NEt2)Me (4.18). 
To a THF solution (25 mL) of Cp
*
2ZrMeCl (215.5 mg, 0.52 mmol) was added 
LiNEt2 (83.6 mg, 1.05 mmol). The reaction mixture was stirred overnight at room 
temperature, resulting in a yellow solution. Solvent and volatiles were removed 
under  reduced  pressure.  The  residue  was  extracted  with  15  mL  toluene. 
Recrystallization from toluene at -30°C afforded yellow crystals of 4.18 in 25% 
yield (58.3 mg, 0.137 mmol). Anal. Calcd for C25H43NZr: C, 66.94%, H, 9.66%, N, 
3.12%. Found: C, 67.23%, H, 9.60%, N, 2.89%. 
1H NMR (200 MHz, C6D6, δ): 2.98 (q, JHH = 6.8 Hz, N(CH2CH3)2, 4H), 1.86 (s, 
30H,  Cp
*),  0.92  (t,  JHH = 6.8  Hz,  N(CH2CH3)2,  6H),  -0.07  (s,  ZrCH3,  3H). 
13C{
1H}(125 MHz, C6D6, δ): 118.06 (C5Me5), 44.58 (NCH2), 31.90 (ZrCH3), 15.03 
(NCH2CH3), 12.29 (C5Me5). 
 
Reaction  of  Cp
*
2ZrMe2  (3.1)  with  [Et3NH][B(C6F5)4]  (2.1)  in  benzene: 
formation  of  [Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)(THF)][B(C6F5)4]  (4.16-THF) 
(Method A). 
A benzene solution (1 mL) of Cp
*
2ZrMe2 (3.1, 100 µmol, 40 mg) was treated with 
one equivalent of [Et3NH][B(C6F5)4] (2.1, 100 µmol, 73 mg). Immediately a red 
oily  precipitate  was  formed.  After  20  hours  at  room  temperature  solvents  and 
volatiles were evaporated under reduced pressure. The yellow solid was dissolved 
in  1 mL  THF.  Onto  the  THF  solution  5 mL  cyclohexane  was  layered  at  room 
temperature. Upon slow diffusion of cyclohexane into the THF solution, yellow 
crystals of 4.16-THF were formed. The crystals were isolated by filtration and 
dried in vacuum. Yield: 67% (67  mol, 67 mg). Anal. Found: C 52.94%; 3.42 H%; 
N 1.12%; Calcd. values: C 52.80%; H 3.92%; N 1.18%.  
1H NMR (400 MHz, THF-d8, d): 3.76 (q, JHH = 7.3 Hz, NCH2, 2H), 2.63 (s, CCH3, 
3H),  1.83  (s,  30H,  Cp
*),  1.20  (t,  JHH = 7.3 Hz,  NCH2CH3,  3H). 
13C{
1H}  NMR 
(125 MHz, THF-d8, d): 246.3 (CN), 120.5 (C5Me5), 44.8 (br, NCH2), 19.8 (CCH3), 
15.4 (NCH2CH3), 11.8 (C5Me5). IR (KBr): 1642 cm
-1 (s, υC=N).  
In  a  separate  experiment  the  amount  of  gas  formed  during  the  reaction  was 
determined by a Töpler pump experiment. An NMR tube equipped with a Teflon 
(Young) valve was charged with 3.1 (30  mol, 23 mg) and 2.1 (30 µmol, 22 mg) 
and connected to a vacuum line. A benzene-d6 solution was condensed into the 
evacuated NMR tube. The mixture was warmed to room temperature, at which 
point a red oily precipitate was formed accompanied by gas evolution. After 24 
hours the NMR tube was frozen in liquid N2 and the amount of gas released was 
determined by pumping the gas through a cold-trap (cooled with liquid N2/ethanol Stability of the [Cp
*
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mixture) into a calibrated volume using a Töpler pump. A total of 51  mol (1.7 
equivalents) of a mixture of H2 and CH4 was formed. The procedure was repeated 
by freezing the reaction mixture at -85°C and pumping the remaining volatiles into 
the  calibrated  volume  as  described  above.  GC  analysis  indicated  a  mixture  of 
ethane and propane (0.7 equivalents, 21  mol).  
 
Generation  of  [Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)(THF)][B(C6F5)4]  (4.16-THF) 
(Method B). 
An  NMR  tube  equipped  with  a  Teflon  (Young)  valve  was  charged  with  3.1 
(30  mol,  23  mg)  and  [Ph3C][B(C6F5)4]  (30   mol,  28  mg)  and  connected  to  a 
vacuum line. The evacuated reaction mixture was frozen in liquid N2 and a solution 
of C6D6 (0.5 mL) and Et3N (30  mol, 4.2 µL) was condensed into the NMR tube. 
The mixture was warmed to room temperature, at which point a red oily precipitate 
was formed accompanied by gas evolution. After 24 hours the NMR tube was 
frozen in liquid N2 and the amount of gas released was determined by pumping the 
gas through a cold-trap (cooled with liquid N2/ethanol mixture) into a calibrated 
volume  using  a  Töpler  pump  as  described  above.  A  total  of  27   mol  (0.9 
equivalents) of CH4 and H2 and a mixture of ethane and propane (0.85 equivalents, 
25.5  mol) were collected. After evaporation of the solvents and addition of THF-
d8 the 
1H NMR spectrum showed the formation of 4.16-THF as major product 
(81% NMR yield). 
 
Generation of Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)Br (4.17).  
In an NMR tube compound 4.16-THF (5  mol, 5 mg) was contacted with one 
equivalent of NBu4Br (5  mol, 3.2 mg) in C6D6. After few minutes the solution 
became pale yellow. The neutral species Cp
*
2Zr(η
2-C,N-C(CH3)NC2H5)Br (4.17) 
was formed. 
1H NMR (300 MHz, C6D6, d): 3.37 (q, JHH = 7.3 Hz, NCH2, 2H), 2.03 (s, CCH3, 
3H),  1.73  (s,  Cp
*,  30H),  1.06  (t,  JHH = 7.3 Hz,  NCH2CH3,  3H). 
13C{
1H}  NMR 
(125 MHz, THF-d8, d): 234.9 (CN), 117.1 (C5Me5), 41.6 (NCH2), 18.6 (CCH3), 
15.6 (NCH2CH3), 12.5 (C5Me5). IR (KBr): 1644 cm
-1 (s, υC=N).  
 
Reaction of Cp
*
2Zr(NEt2)Me (4.18) with [Ph3C][B(C6F5)4] in C6D6. 
In  an  NMR  tube  a  benzene-d6  solution  (0.4 mL)  of  Cp
*
2Zr(NEt2)Me  (4.18, 
20 µmol,  9 mg)  was  contacted  with  an  equimolar  amount  of  [Ph3C][B(C6F5)4] 
(20 µmol,  19 mg).  Immediately  a  dark-orange  oily  precipitate  was  formed. 
Removal of solvent and volatiles after one night followed by addition of THF-d8 
resulted in the formation of 4.16-THF as major product. For NMR data see above. 
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NMR  tube-scale  experiment:  stability  of  the  homogeneous  system 
Cp
*
2ZrMe2/[Et3NH][B(C6F5)4] in C6D6.  
In NMR tubes, C6D6 solutions (0.5 mL) of Cp
*
2ZrMe2 (3.1, 9 µmol, 4 mg) were 
treated  with  one  equivalent  of  [Et3NH][B(C6F5)4]  (2.1,  9 µmol,  6.5 mg)  in  the 
presence of ferrocene as internal standard (27 µmol, 5 mg). Immediately a red oily 
precipitate  was formed.  An  excess  of  AMT (18 µmol,  2 µL)  was  added  to  the 
NMR tubes after a specified time (1h, 2h, 24h). In all cases no 3.1 was left in the 
reaction mixture. After 30 minutes, an excess of NBu4Br (18 µmol, 6 mg) was 
added to the NMR tubes. Results are reported in Table 4.7. 
 
Immobilization and quantification of [Me2PhNH][p-HOC6H4B(C6F5)3] (4.2) on 
Al(i-Bu)3-modified silica support in C6D5Br (NMR experiment).  
Al-charged silica (30 mg, 31  mol of Al) was contacted with a C6D5Br solution of 
[Me2PhNH][p-HOC6H4B(C6F5)3]  (4.2,  31 µmol,  22 mg)  containing  Cp2Fe 
(31  mol,  5 mg)  as  internal  standard.  Formation  of  isobutane  was  immediately 
observed. Evolution of isobutane had ceased after 2h, at which point an amount 
had been produced equivalent to 26% of the Al present on the support. After this 
initial  phase,  a  slow  further  decrease  in  the  concentration  of  borate  activator, 
without an accompanying increase of isobutane in solution, was observed. This 
indicates that a slow physisorption process occurs. After 20 hours 28% of the initial 
borate was chemically tethered to the support, 32% was left unreacted in solution 
and the remaining 40% was physisorbed on the silica support (Table 4.14).  
1H NMR (300 MHz, C6D5Br, d): 10.8 (broad, OH, NH, 2H), 7.14 (t, JHH = 7.7 Hz, 
m-H  Ph,  2H),  6.98  (t,  p-H  Ph,  1H,  overlapping  with  solvent  peak),  6.8  (d, 
JHH = 7.8 Hz, o-H Ph, 2H), 2.50 (s, NMe2, 6H).  
 
Table 4.14 Immobilization of 4.2 on TIBA-modified silica in polar solvent. 
t  i-BuH evolved 
µmol (%) 
unreacted borate 
µmol (%) 
physisorbed borate 
µmol (%) 
1h  4.0 (13%)  27 (87%)  - 
2h  8.0 (26%)  19.8 (64%)  3.1 (10%) 
20h  8.7 (28%)  9.9 (32%)  12.4 (40%) 
 
Immobilization and quantification of [Me2PhNH][p-HOC6H4B(C6F5)3] (4.2) on 
Al(i-Bu)3-modified silica support in C6D6 (NMR experiment).  
Al-charged silica (30 mg, 31  mol of Al) was contacted with a C6D6 solution of 
[Me2PhNH][p-HOC6H4B(C6F5)3]  (4.2,  31 µmol,  22 mg)  containing  Cp2Fe 
(31  mol, 5.8 mg) as internal standard. Formation of isobutane was immediately 
observed. After 24h an amount had been produced equivalent to 27% of the Al 
present on the support. At this time, only 10% of the borate was left unreacted in Stability of the [Cp
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solution. Due to its poor solubility in apolar solvents, the remaining 73% can either 
be physisorbed on the silica support or left unreacted (Table 4.15). 
 
Table 4.15 Immobilization of 4.2 on TIBA-modified silica in apolar solvent. 
t  i-BuH evolved 
µmol (% mol) 
unreacted/physisorbed borate 
µmol (%) 
1h  3.1 (10%)  27.9 (90%) 
24h  8.4 (27%)  22.6 (73%) 
 
Synthesis of SiO2/Al(i-Bu)3/[Me2PhNH][p-HOC6H4B(C6F5)3] (4.3). 
In  a  double  Schlenk  vessel,  Al-modified  silica  (1 g,  0.96 mmol  Al/gSiO2)  was 
slurried in toluene (20 mL) at room temperature. To the slurry, 20 mol% (with 
respect to the amount of supported Al) of [Me2PhNH][p-HOC6H4B(C6F5)3] (4.2) 
(0.19 mmol, 0.14 g) was added. The reaction mixture was heated to 70°C for an 
hour to facilitate dissolution of the borate in solution and left to react overnight at 
room  temperature.  The  resulting  white  solid  was  filtered,  washed  with  warm 
toluene (5×20 mL) and dried under reduced pressure until 4.3 was obtained as a 
white  flowing  powder.  The  amount  of  supported  borate  was  determined  by 
elemental analysis. 
Anal. Found: Al 2.58%; C 16.80%; H 1.75%; N 0.28%; B 0.20%. Calcd. values Al 
2.58%; C 15.67%; H 1.88%; N 0.27%; B 0.21%. These values were calculated 
assuming that 80% of Al centers bears two i-Bu groups and 20% of Al centers 
bears one i-Bu group and one borate group. 
20 mg of the modified silica was suspended in 0.5 mL of C6D5Br. In the 
1H NMR 
spectrum,  no  signal  for  [Me2PhNH][p-HOC6H4B(C6F5)3]  (4.2)  and/or  “Al-i-Bu 
species” was found. 
 
Immobilization  of  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  and  subsequent  release  in 
solution  of  Cp
*
2Zr(Br)(CH2CHMeCH2SMe)  (3.3)  in  C6D5Br  (NMR 
experiment).  
Al-charged  silica  (35 mg,  bearing  7  mol  of  borate  4.2)  was  contacted  with  a 
C6D5Br solution of Cp2
*ZrMe2 (3.1, 7 µmol, 3 mg), AMT (14 µmol, 1.54 µL) and 
Cp2Fe (21  mol, 4 mg) as internal standard. After 5 hours all the Cp2
*ZrMe2 had 
disappeared from solution and one equivalent of AMT per Zr had been consumed. 
Subsequently one equivalent of NBu4Br (7 µmol, 2.3 mg) was added. The solution 
turned yellow and quantitative formation of Cp
*
2Zr(CH2CHMeCH2SMe)Br (3.3) 
was observed. For NMR data, see Chapter 3. 
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Immobilization  of  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+  and  subsequent  release  in 
solution of Cp
*
2Zr(Br)(CH2CHMeCH2SMe) (3.3) in C6D6 (NMR experiment).  
Al-charged silica (35 mg, bearing 7  mol of borate 4.2) was contacted with a C6D6 
solution of Cp
*
2ZrMe2 (3.1, 7 µmol, 3 mg), AMT (14 µmol, 1.54 µL) and Cp2Fe 
(21  mol,  4 mg)  as  internal  standard.  After  5  hours  all  the  Cp2
*ZrMe2  had 
disappeared from solution and one equivalent of AMT per Zr had been consumed. 
Subsequently one equivalent of NBu4Br (7 µmol, 2.3 g) was added. The solution 
turned yellow and quantitative formation of Cp
*
2Zr(CH2CHMeCH2SMe)Br (3.3) 
was observed. For NMR data, see Chapter 3. 
 
Immobilization  and  quantification  of  Cp
*
2ZrMe2  (3)  on 
SiO2/Al(i-Bu)3/[Et3NH][p-HOC6H4B(C6F5)3] in C6D5Br. 
Samples of Al-charged silica (35 mg, bearing 7  mol of 2.2) were contacted with a 
C6D5Br solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg) and Cp2Fe (21  mol, 
4 mg) as internal standard. An excess of AMT (14  mol, 1.54 µL) was added to the 
NMR tubes after a specified time (1h, 2h, 24h). In all cases, no consumption of 
AMT  was  observed.  Subsequently,  after  30  minutes  an  excess  of  NBu4Br 
(21  mol, 7 mg) was added to the reaction mixtures. Results are reported in Table 
4.10.  
 
Immobilization  and  quantification  of  Cp
*
2ZrMe2  (3.1)  on 
SiO2/Al(i-Bu)3/[Et3NH][p-HOC6H4B(C6F5)3] in C6D6. 
Samples of Al-charged silica (35 mg, bearing 7  mol of borate 2.2) were contacted 
with  a  C6D6  solution  (0.5 mL)  of  Cp
*
2ZrMe2  (3.1,  7  mol,  3 mg)  and  Cp2Fe 
(21  mol, 4 mg) as internal standard. An excess of AMT (14  mol, 1.54 µL) was 
added  to  the  NMR  tubes after  a  specified  time  (1h,  2h,  24h).  In  all  cases,  no 
consumption  of  AMT  was  observed.  After  30  minutes  an  excess  of  NBu4Br 
(21  mol,  7 mg)  was  added  to  the  reaction  mixtures.  One  of  the  products  was 
identified as 4.16. Results are reported on Table 4.11. 
 
Immobilization  and  quantification  of  Cp
*
2ZrMe2  (3.1)  on 
SiO2/Al(i-Bu)3/[Me2PhNH][p-HOC6H4B(C6F5)3] in C6D5Br. 
Samples of Al-charged silica (35 mg, bearing 7  mol of borate 4.1) were contacted 
with a C6D5Br solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg) in the presence 
of  Cp2Fe  (21  mol,  4 mg)  as  internal  standard.  An  excess  of  AMT  (14  mol, 
1.54 µL) was added to the NMR tubes after a specified time (1h, 2h, 24h). After 30 
minutes, an excess of NBu4Br (21  mol, 7 mg) was added to the reaction mixtures. 
Results are reported in Table 4.7. 
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Immobilization  and  quantification  of  Cp
*
2ZrMe2  (3)  on 
SiO2/Al(i-Bu)3/[Me2PhNH][p-HOC6H4B(C6F5)3] in C6D6. 
Samples of Al-charged silica (35 mg, bearing 7  mol of borate 4.2) were contacted 
with a C6D6 solution (0.5 mL) of Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg) in the presence of 
Cp2Fe (21  mol, 4 mg) as internal standard. An excess of AMT (14  mol, 1.54 µL) 
was added to the NMR tubes after a specified time (1h, 2h, 24h). After 30 minutes, 
an excess of NBu4Br (21  mol, 7 mg) was added to the reaction mixtures. Results 
are reported in Table 4.8. 
 
Computational  studies.  All  calculations  were  performed  by  Dr.  M.  W. 
Bouwkamp using the Gaussian03 package.
41 Geometries for all stationary points 
and transition states were optimized using the B3LYP level of theory, with the 6-
311G  basis  set  for  C,  H,  and  N  and  LANL2DZ  for  Zr.  Each  calculation  was 
followed  by  a  single  point  calculation  using  6-311G**  (C,  H,  and  N)  and 
LANL2DZ (Zr) to obtain reliable energies, and a vibrational analysis using 6-311G 
(C, H, and N) and LANL2DZ (Zr) to obtain thermal corrections (enthalpy and 
entropy); free energies mentioned in the text are for the gas phase, 298.15 K, 1 bar. 
No  attempts  were  made  to  correct  for  solvent  effects  or  for  the  presence  of  a 
counterion. The ground state structures for the reactants and intermediates, as well 
as a number of likely transition states for the different reaction pathways have been 
considered. For the deprotonation reaction an alternative transition state was found, 
in which the amine is approaching from the side of the molecule, rather than from 
in between the methyl and benzene ligand (TS3), which is very similar in energy 
compared to TS2. For the protonation reaction two additional transition states can 
be found which are higher in energy compared to TS6. In one of these transition 
states (TS4) the ammonium reagent is approaching from within the methyl and 
phenyl  ligand,  whereas  in  case  of  the  other  (TS5)  the  ammonium  reagent  is 
approaching  from  the  side  of  the  metallocene.  See  Figure  4.6  for  a  complete 
overview of the reaction coordinate and Table 4.16 for Gibbs free energies of the 
reaction and of activation.  
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Table 4.16 Energies of reaction and activation energies for the overall C-H bond 
activation reaction and of individual reaction steps (kcal/mol at 298 K). 
 G
0 for the overall reaction 
[Cp2ZrMe]
+ + C6H6 → [Cp2ZrPh]
+ + CH4 
 G
0 for individual reaction steps 
[Cp2ZrMe]
+ + C6H6 → [Cp2ZrMe(C6H6)]
+ 
[Cp2ZrMe(C6H6)]
+ → [Cp2ZrPh(CH4)]
+  
[Cp2ZrPh(CH4)]
+ → [Cp2ZrPh]
+ + CH4 
[Cp2ZrMe(C6H6)]
+ + NMe3 → Cp2ZrMePh + [NMe3H]
+ 
Cp2ZrMePh + [NMe3H]
+ → [Cp2ZrPh(CH4)]
+ + NMe3 
 G
‡ for individual reaction steps 
[Cp2ZrMe(C6H6)]
+ → [Cp2ZrPh(CH4)]
+ 
[Cp2ZrMe(C6H6)]
+ + NMe3 → Cp2ZrMePh + [NMe3H]
+ 
   
Cp2ZrMePh + [NMe3H]
+ → [Cp2ZrPh(CH4)]
+ + NMe3 
   
   
[Cp2ZrPh(CH4)]
+ + NMe3 → Cp2ZrMePh + [NMe3H]
+ 
   
   
Cp2ZrMePh + [NMe3H]
+ → [Cp2ZrMe(C6H6)]
+ + NMe3 
   
 
 
 
 
 
 
 
 
 
 
 
TS1 
TS2 
TS3 
TS4 
TS5 
TS6 
TS4 
TS5 
TS6 
TS2 
TS3 
 
-6.61 
 
 
-4.05 
5.37 
-7.93 
18.56 
13.18 
 
 
28.09 
22.47 
22.69 
11.79 
13.48 
2.03 
24.98 
26.66 
15.21 
3.91 
4.13 
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Figure 4.6 Schematic representation of the reaction coordinate in the overall σ-
bond metathesis reaction of [Cp2ZrMe]
+ with benzene in the absence (TS1) and 
presence  (TS2,  TS3,  TS6,  TS4,  TS5)  of  NMe3.  Energies  at  298K  are  listed  in 
kcal/mol;  hydrogen  atoms  on  the  cyclopentadienyl  ring  have  been  omitted  for 
clarity. 
 
Crystal structure analysis of 4.10-THF 4.16-THF and 4.18. Suitable crystals 
were  mounted  on  top  of  a  glass  fiber,  by  using  inert-atmosphere  handling 
techniques, and aligned on a Bruker SMART APEX CCD diffractometer. Intensity 
measurements were performed using graphite monochromated Mo-Ka radiation 
from a sealed ceramic diffraction tube (SIEMENS). The final unit cell was obtained 
from the xyz centroids of 4125 (4.10-THF), 6400 (4.16-THF) and 4125 (4.18) 
reflections  after  integration.  Intensity  data  were  corrected  for  Lorentz  and 
polarization effects, scale variation, for decay and absorption. The structure was 
solved by Patterson methods and extension of the model was accomplished by 
direct methods applied to difference structure factors using the program DIRDIF-
08.  All refinement calculations  and  graphics  were  performed  with  the  program 
packages SHELXL.  
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Table 4.17 Crystallographic data for 4.10-THF, 4.16-THF and 4.18. 
  4.10-THF  4.16-THF  4.18 
Formula  [C24H37OZr]
+. 
[C24H20B]
- 
[C28H46NOZr]
+
. 
[C24BF20]
-  C25H43NZr 
MW, g.mol
-1  752.01  1182.95  448.85 
Space group  P-1, 2  P21/c  P21/c 
Crystal entity  triclinic  monoclinic  monoclinic 
a, Å  10.4210(11)  10.744(2)  10.0380(16) 
b, Å  11.5754(12)  15.660(3)  14.222(2) 
c, Å  16.7801(17)  29.067(5)  16.969(3) 
b, deg  104.394(1)  96.143(3)  106.879(2) 
V, Å
3  1948.7(3)  4862.5(15)  2318.1(6) 
rcalc, g.cm
-3  1.283  1.616  1.286 
F(000), electrons  798  2392  960 
µ(Mo Ka ), cm
-1  3.18  3.44  4.84 
Colour, habit  purple blocks  yellow platelet  yellow block 
size, mm  0.41 x 0.36 x 0.21  0.43 x 0.29 x 0.10  0.48 x 0.44 x 0.38 
Temperature (K)  100(1)  100(1)  100(1) 
q range  2.73, 26.73  2.35, 25.03  2.56, 26.37 
wR(F
2)  0.1416  0.1974  0.0948 
R(F)  0.0568  0.0717  0.0364 
GooF  1.043  1.044  1.074 
Observed reflns: (Fo 
³ 4.0 s (Fo)) 
6341  5557  3963 
Index ranges (h, k, l)  -13:11; -14:14; 
-21:21 
-12:12; -18:18; 
-34:34 
-12:12; 17:17; 
-21:21 
Params refined  469  736  257 
Restraints  -  998  - 
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Chapter 5 
Stabilization of active Zr 
alkyl polymerization catalysts 
via intramolecular thioether 
coordination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In  this  chapter,  a  method  to  increase  the  shelf-life  of  single-center  olefin 
polymerization catalysts is described, based on the stabilization of the reactive 
species by intramolecular Lewis base coordination. The use of 1-alkenes of the 
type  CH2=CH-(CH2)nSR  (n = 1,  2,  R = methyl)  in  conjunction  with  group  4 
metallocene catalysts results in a 6-membered chelate that allows reactivity under 
reactor conditions and gives a good thermal stability in absence of monomer (e.g. 
ethene). 
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5.1   Introduction 
 
In the previous chapters, the generation and stability of the zirconocene methyl 
cation [Cp
*
2ZrMe]
+ were reported. It was observed that the naked cation has a very 
limited lifetime as it rapidly decomposes via C-H activation processes, leading to 
mixtures of different species. In Chapter 3, stabilization of the activated catalyst 
species [Cp
*
2ZrMe]
+  by  intramolecular  coordination of  a  thioether  functionality 
attached to an alkene substrate (AMT) was described. As previously reported for 
cationic  early  transition  metals
1  and  organolanthanide  species,
2  intramolecular 
coordination of the sulfur atom after insertion of the olefin into the M-R bond 
(R = H, Me) gives a stable 5-membered chelate, which is insufficiently reactive 
towards  ethene.  Thus,  in  order  to  obtain  a  well-defined  and  active  olefin 
polymerization catalyst system, a good compromise between thermal stability and 
reactivity has to be found.  
Stabilization  of  reactive  species  by  intra-  or  intermolecular  Lewis  base 
coordination  is  well-established.
3,4,5  The  main  point  is  to  find  a  suitable 
catalyst/substrate combination that allows reactivity under reactor conditions and 
gives  good  thermal  stability  in  absence  of  substrate.  Given  the  fact  that  a 
5-membered  chelate  is  too  stable  to  allow  polymerization,  weakening  of  the 
intramolecular interaction in the stabilized catalyst should lead to more reactive 
species.  The  strength  of  the  intramolecular  interaction  can  be  modified  by  the 
nature of the Lewis base functionality and/or the length of the spacer between the 
olefinic and the Lewis basic moieties. In the latter case, the use of a longer spacer 
should lead to an increase of the ring size, resulting in a less stable chelate which is 
more easily opened by ethene and could allow polymerization. For the metallocene 
Cp
*
2ZrMe2  (3.1),  the  substrate  3-butenyl  methyl  thioether  (BMT),  with  a 
combination  of  a  soft  thioether  functionality  and  formation  of  a  6-membered 
chelate  after  insertion,  should  provide  a  good  compromise  of  reactivity  and 
stability. Thus, activation of 3.1 in the presence of BMT should result in a well-
defined and catalytically active catalyst system. 
As  described  in  the  previous  chapters,  trapping  of  the  cationic  alkyl  species 
[Cp
*
2ZrMe]
+ with allyl methyl thioether allowed us to develop a method to obtain a 
fully  characterized  and  quantified  system  and  determine  the  shelf-life  of  the 
activated  catalyst  for  both  homogeneous  and  supported  systems.  Provided  that 
insertion  of  the  olefinic  substrate  into  the  M-alkyl  bond  is  quantitative,  this 
procedure should be applicable to study the behavior of different catalyst systems. 
Thus,  our  quantification  method  was  used  to  study  the  activation  and 
immobilization  of  the  C2  symmetric  ansa-zirconocene  [Me2Si(2-Me-4-
PhInd)2]ZrMe2 (5.5).
6 As an extension to this study, the cationic species [{Me2Si(2-
Me-4-PhInd)2}ZrMe]
+  was  alternatively  stabilized  with  BMT,  resulting  in  the 
formation  of  the  6-membered  chelate  [{Me2Si(2-Me-4-Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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PhInd)2}Zr{(CH2CH(Me)(CH2)2SMe}]
+  that  should  allow  more  facile  catalytic 
testing.  
Section 5.2 focuses on the activation and stabilization of 3.1 with BMT, both in 
solution and on support. Ethene homopolymerization results for both supported and 
homogeneous  systems  are  presented  in  section  5.3.  Stabilization  of  the 
ansa-zirconocene  species  [{Me2Si(2-Me-4-PhInd)2}ZrMe]
+  in  solution  and  on 
support  with  AMT  and  BMT  is  described  in  section  5.4.  Ethene 
hompolymerization results are discussed in section 5.5  
 
5.2   Stabilization  of  [Cp
*
2ZrMe]
+  with  3-butenyl 
methyl thioether (BMT) 
 
It  is  well-established  that  cationic  group  4  carbyls  tolerate  ether  as  well  as 
thioether functions in the alkene substrate molecule.
1,7 As an alternative to the use 
of  AMT,  3-butenyl  methyl  thioether  (BMT)  is  an  attractive  substrate  for  the 
generation of a stable yet active olefin polymerization catalyst.  
Section 5.2.1 focuses on the activation of 3.1 in the presence of BMT in solution 
and section 5.2.2 describes the generation and quantification of the 6-membered 
chelate with a silica supported borate activator. 
 
5.2.1   Stabilization of [Cp
*
2ZrMe]
+ cation by BMT in solution 
 
When a colorless bromobenzene solution of Cp2
*ZrMe2 (3.1) was treated with 
one  equivalent  of  B(C6F5)3
8  in  the  presence  of  one  equivalent  of 
CH3SCH2CH2CH=CH2  (BMT)  formation  of  a  red  solution  was  immediately 
observed (Scheme 5.1).  
 
 
Scheme 5.1 
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NMR  spectroscopy  indicated  quantitative  formation  of  the  ionic  species 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)][MeB(C6F5)3]  (5.1),  which  derives  from 
insertion of the olefin functionality of the thioether into the Zr-Me bond of the 
cation [Cp2
*ZrMe]
+. 
In the 
1H NMR spectrum of 5.1 one broad signal for the Cp
* protons is observed 
at d 1.60 ppm, the corresponding 
13C resonances are found at d 124.1 + 123.9 ppm 
(C5Me5)  and  d 11.2 + 10.9 ppm  (C5Me5).  In  the 
1H  NMR  spectrum,  the  three 
CH2-groups in the 6-membered ring, with diastereotopic protons, are observed at 
d 2.53 + -3.17 ppm  (ZrCH2),  d 2.38 + 2.3 ppm  (SCH2)  and  d 1.52 + 0.45 ppm 
(SCH2CH2).  
A second equivalent of substrate was added to the reaction mixture. The reaction 
was kept at room temperature and monitored by NMR spectroscopy over a period 
of 2 hours. In the 
1H NMR spectrum, no evidence of insertion of a second molecule 
of  substrate  was  found.  Similar  reactivity  was  previously  described  for  ionic 
zirconocene complexes [η
5-C5Me5)2ZrMe][X] (X = B(C6F5)4, MeB(C6F5)3) with 2-
alkenyl-1,3-dithianes (n = 2, 3) and thioether functionalized 1-propenes of the type 
CH2=CHCH2SR (R = Me, tert-Bu, Ph), in which cases neither oligomerization or 
polymerization could be observed.
7 
When  one  equivalent  of  [(n-C4H9)4N]Br  was  added  to  the  bromobenzene 
solution of 5.1, a color change of the solution from red to orange was observed. 
NMR spectroscopy indicated quantitative formation of the corresponding neutral 
species Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2) (Scheme 5.2). 
 
+ NBu4Br
 [NBu4][MeB(C6F5)3]
(5.2)
MeB(C6F5)3
(5.1)
Zr
S
Zr
Br
S
 
Scheme 5.2 
 
The final product 5.2 is characterized by two resonances for the Cp
* protons at 
d 1.85 ppm and d 1.84 ppm (15H each) and two upfield resonances at d 0.17 ppm 
and d 0.05 ppm for the ZrCH2 protons. For the latter, the corresponding 
13C signal 
is  found  at  65.41 ppm.  The  diastereotopic  protons  of  the  bridging  moiety  are Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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observed  at  d 2.47 + 2.38 ppm  (SCH2)  and  d 1.91 + 1.13 ppm  (SCH2CH2).  The 
corresponding  carbon  resonances  are  found,  respectively,  at  d 32.63  ppm  and 
d 41.60 ppm. 
The same results were obtained when the reaction was carried out in an apolar 
solvent (C6D6), which is more representative for catalyst preparation routines.  
To  be  able  to  extend  the  generation  of  a  well-defined  6-membered  chelate 
compound  on  the  silica-supported  borate  activators 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3]  (4.3)  and 
SiO2/TIBA/[Et3NH][HOC6H4B(C6F5)3] (2.11) previously synthesized, activation of 
the catalyst precursor 5.1 was first performed in solution in the presence of BMT 
using  the  analogous  borate  salts  [HNMe2Ph][B(C6F5)4]  (4.1)  and 
[Et3NH][B(C6F5)4] (2.1). Reaction of a bromobenzene (or benzene) solution of the 
catalyst precursor 3.1 with one equivalent of [HNRR
1R
2][B(C6F5)4] (R=R
1=Me, 
R
2=Ph, 4.1; R=R
1=R
2=Et, 2.1) in the presence of BMT resulted in the quantitative 
formation  of  the  desired  6-membered  chelate 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)][B(C6F5)4]  (5.3).  This  compound  could  be 
cleanly  converted  into  the  corresponding  neutral  species 
Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br  (5.2)  upon  addition  of  [(n-C4H9)4N]Br,  as 
confirmed by NMR spectroscopy.  
As insertion of the olefinic substrate 3-butenyl methylthioether (BMT) into the 
Zr-Me is quantitative (as previously observed with the analogous trap AMT) and 
the neutral species 5.2 can be formed quantitatively, this approach appears to be 
readily  applicable  for  the  generation  and  quantification  of  well-defined  related 
silica-supported  catalyst  systems.  In  the  next  section,  the  analogous  supported 
systems  SiO2/TIBA/[Et3NH][HOC6H4B(C6F5)3]/Cp
*
2ZrMe2  and 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3]/Cp
*
2ZrMe2 will be studied.  
 
5.2.2   Generation  and  quantification  of  BMT-stabilized  silica-
supported catalyst systems 
 
In  an  NMR  tube  the  supported  triethyl  ammonium  borate  activator 
SiO2/TIBA/[Et3NH][HOC6H4B(C6F5)3] (2.11) was contacted with a bromobenzene 
solution of 3.1 and BMT (1 : 1 ratio) using a 1:1 stoichiometry of 3.1 to the borate 
in the presence of ferrocene as internal standard (Scheme 5.3).  
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Scheme 5.3 
 
The support immediately took on a red color, indicating the activation of the 
zirconocene 3.1 with concomitant immobilization. The reaction was monitored by 
NMR spectroscopy over a period of 4 hours. Results are reported in Table 5.1.  
 
Table 5.1 Immobilization of Cp
*
2ZrMe2 (3.1) in the presence of BMT 
t  3.1 in solution 
%mol 
BMT in solution 
%mol 
NEt3 in solution 
%mol 
1h  30%  30%  70% 
2h  16%  16%  84% 
3h  10%  10%  90% 
4h  0%  0%  100% 
t= contact time between silica-supported borate activator and 3.1+BMT solution; 1:1 ratio 
3.1: BMT; 1:1 ratio borate: 3.1. 
 
From these data it can be seen that the concentration of 3.1 and BMT in solution 
rapidly decreases during the first hour, accompanied by an equimolar release of 
Et3N. The remaining 3.1 and BMT was more slowly consumed until, after about 4 
hours, all of 3.1 and BMT had disappeared from solution and one equivalent of 
Et3N  had  been  released.  This  suggests  quantitative  formation  and  concomitant 
immobilization  of  the  6-membered  chelate  cation 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)]
+. To confirm its formation using simple NMR 
spectroscopy techniques, the zirconocene cation needs to be released in solution.  
As  previously  discussed  (see  Chapter  3  and  Chapter  4)  for  the  related  5-
membered  chelate  species  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+,  reaction  with  the 
nucleophile  [(n-C4H9)4N]Br  should  result  in  the  quantitative  formation  and 
desorption  from  the  support  of  the  corresponding  soluble  complex 
Cp
*
2ZrBr(CH2CHMeCH2CH2SMe) (5.2) (Scheme 5.4). Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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Scheme 5.4 
 
Upon addition of an excess of [(n-C4H9)4N]Br an immediate color change of the 
mixture  from  red  to  orange  was  observed.  The 
1H  NMR  spectrum  indicated 
quantitative formation and release in solution of the neutral complex 5.2.  
Similar results were obtained when the NMR experiment was performed in a 
less polar solvent, e.g. C6D6. 
According  to  the  same  procedure  as  described  above,  quantitative 
immobilization  of  3.1  and  subsequent  release  in  solution  of 
Cp
*
2ZrBr(CH2CHMeCH2CH2SMe)  (5.2)  was  also  observed  when  the  supported 
anilinium  borate  activator  SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3]  (4.3)  was 
used (Table 5.2). 
 
Table  5.2  Immobilization  of  Cp
*
2ZrMe2  (3.1)/BMT  on 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3). 
t  3.1 in solution 
%mol 
BMT in solution 
%mol 
PhNMe2 in solution 
%mol 
1h  28%  28%  72% 
2h  15%  15%  85% 
3h  8%  8%  92% 
4h  0%  0%  100% 
t= contact time between silica-supported borate activator and 3.1+BMT solution; 1:1 ratio 
3.1: BMT; 1:1 ratio borate: 3.1. 
 
These  experiments  prove  that  activation  and  immobilization  of  3.1  in  the 
presence of the olefinic substrate BMT leads to fully quantified supported catalyst 
systems  with  well-defined  active  sites.  Due  to  the  weaker  intramolecular 
interaction within the 6-membered chelate, it should be able to insert the monomer CHAPTER 5 
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(ethene) and initiate the polymerization at normal operating temperatures. In the 
next sections the results of ethene homopolymerization experiments are reported.  
 
5.2.3   Polymerization experiments with homogeneous systems 
 
Compounds  3.1  and  3.1/BMT,  activated  with  one  equivalent  of 
[Me2PhNH][B(C6F5)4] (4.1) or [Et3NH][B(C6F5)4] (2.1) were screened for ethene 
homopolymerization in toluene at 80
oC. Results are given in Table 5.3. 
 
Table 5.3 Polymerization data for homogeneous systems.
a 
entry  cat.  activator  yield 
(g)  act.
b  Mw 
(´10
3) 
Mn 
(´10
3) 
Mw/Mn 
1  3.1  4.1  11.7  4680  184  40  4.6 
2  3.1/BMT  4.1  8.1  3240  281  69  4.1 
3  3.1  2.1  13.0  5200  320  86  3.7 
4  3.1/BMT  2.1  10.5  4200  258  87  3.0 
5
c  3.1  2.1  0.0  -  -  -  - 
atoluene solvent (250 mL), 3.1 = 2 µmol, BMT = 2 µmol, TIBAO scavenger, Al/Zr = 20, 
5 bar ethene, 80°C, 15 min. run time; 
bKg(PE)´mol Zr
-1´bar
-1´h
-1; 
cactivation of 3.1 in 
bromobenzene. 
 
The  activities  of  the  catalyst  systems  generated  in  the  presence  of  trapping 
substrate  (BMT)  are  in  the  same  range  as  those  of  the  analogous  “untrapped” 
systems  (entries  1-4).  This  indicates  that  under  polymerization  conditions  the 
cationic zirconocene species trapped with 3-butenyl-methyl thioether can readily 
initiate the polymerization of ethene. All the catalysts produced polyethylene with 
a  larger  polydispersity  than  expected  for  true  single-center  catalyst  systems 
(Mw/Mn ~ 2).
9  This  may  be  due  to  mass  transfer  limitations  of  the  monomer, 
resulting from high catalyst activity and high concentration of the polymer.  
Polymerization  activity  was  not  observed  when  3.1  was  activated  by  2.1  in 
bromobenzene  solution,  prior  to  injection  into  the  autoclave  (entry  5).  This  is 
consistent with the earlier observation that reaction of the activation product in 
bromobenzene, [Cp
*
2Zr(η
2-C,Br-2-BrC6H4)][B(C6F5)4], with the olefinic substrate 
allyl methyl thioether (AMT) did not result in formation of the insertion product 
(see Chapter 4).  
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5.2.4   Polymerization  experiments  with  supported  catalyst 
systems 
 
Ethene  homopolymerization  experiments  with  the  catalyst  precursor  3.1 
activated  with  silica-supported  borate  cocatalysts 
SiO2/TIBA/[Et3NH][HOC6H4B(C6F5)3]  (2.11)  and 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3]  (4.3)  in  the  presence  of  BMT  were 
performed. The supported catalysts were prepared by contacting a toluene solution 
of 3.1 and BMT (ratio 1:1) with the silica-supported borate activators 2.11 and 4.3 
(prepared as previously described in Chapter 2) for 4 hours at room temperature to 
allow for complete immobilization of the activated species. After this time, the 
silica suspension was injected into the autoclave under ethene pressure (5 bar). 
Polymerization results are given in Table 5.4.  
 
Table 5.4 Polymerization data for supported systems.
a 
entry  cat.  Support  yield 
(g)  act.
b  Mw 
(´10
3) 
Mn 
(´10
3) 
Mw/Mn 
1  3.1/BMT  2.11  6.5  520  231  71  3.3 
2  3.1/BMT  4.3  8.1  650  290  87  3.3 
3
c  3.1/BMT  2.11  traces  -  -  -  - 
4
c  3.1/BMT  4.3  traces  -  -  -  - 
atoluene  solvent  (250 mL),  3.1 = 5 mmol,  TIBAO  scavenger,  Al/Zr = 20,  5 bar  ethene, 
80°C, 30 min. run time; 
bKg(PE)´mol Zr
-1´bar
-1´h
-1; 
cno scavenger TIBAO was added;  
 
When  compared  to  the  related  homogeneous  systems,  the  polymerization 
activity  of  the  supported  trapped  counterparts is  about  one  order  of  magnitude 
lower  (entries  1  and  2).  As  the  intramolecular  coordination  should  be  readily 
removed by insertion of ethene into the Zr-Me bond as observed for the analogous 
homogeneous systems, the lower activity could be ascribed to incomplete particle 
fragmentation
10  during  polymerization.  For  silica-supported  catalysts  it  is 
frequently observed that polymer growth starts at the particle surface leading to the 
formation of a shell of polymer around the catalyst particle.
11 This would result in 
diminished  diffusion  of  the  monomer  into  the  interior  pores  of  the  supported 
catalyst
12  and  thus  fewer  accessible  active  centers  present  in  the  supported 
variant
13. Cross-section SEM analysis of polyethylene particles
11b produced using 
the  silica  supported  borate  activator  SiO2/TEA/[Et3NH][HOC6H4B(C6F5)3]  in 
combination with rac-[Et(Ind)2ZrCl2]/TIBA revealed incomplete fragmentation of 
the particles as the silica core could easily be identified. In contrast, cross-section 
images  of  polyethylene  obtained  with  a  borate  activator  supported  on  MgCl2 
showed a fully fragmented support dispersed throughout the polymer particles. The 
difference in morphology for the polymers obtained with these supported catalysts CHAPTER 5 
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was also related to the significantly lower activity observed for the silica-based 
supported catalyst system.
11  
The molecular weight distribution curves are unimodal, indicating the presence 
of only one active species responsible for the polymerization.  
An attempt was made to run the polymerization in the absence of scavenger in 
the  solvent  in  addition  to  the  supported  TIBA  (entries  3  and  4).  However,  no 
polymer was produced, indicating the importance of using an additional scavenger 
to prevent catalyst deactivation by impurities. 
When the autoclave was opened, no evidence of reactor fouling was observed. 
All polymers were obtained as irregularly shaped powderish materials. This could 
be  related  to  a  non-homogeneous  distribution  of  catalyst  and  cocatalyst  on the 
support and an incomplete fragmentation of the silica support.
14 
 
5.2.5   Conclusions 
 
Activation of 3.1 with ammonium borate-based cocatalysts in the presence of the 
olefinic  substrate  3-butenyl  methyl  thioether  (BMT)  has  shown  quantitative 
formation of the 6-membered chelate cation [Cp
*
2Zr(CH2CH2CHMeSMe)]
+. This 
has resulted in (a) stabilization of the activated catalyst in the absence of monomer, 
preventing fast degradation of the “naked” zirconocene cation [Cp
*
2ZrMe]
+ under 
certain  reaction  conditions  (see  Chapter  4)  and  (b)  generation  of  well-defined 
catalytically active supported systems. The advantage of using this substrate, rather 
than  allyl  methyl  thioether  (as  used  in  Chapter  3)  is  that  at  slightly  elevated 
temperatures  it  can  readily  initiate  ethene  polymerization.  In  fact,  comparable 
polymerization activities were observed for the “trapped” systems when compared 
to the analogous “untrapped” systems in both solution and on support. Thus, the 
combination of a thioether functionality with a 6-membered chelate provided a 
good compromise of reactivity and stability for the systems studied. This approach 
should be applicable to other Zr-based metallocene catalysts. In the next section 
activation  and  trapping  of  the  C2  symmetric  ansa-zirconocene  [Me2Si(2-Me-4-
PhInd)2]ZrMe2 (5.5) are described.  
 
5.3   Activation  and  stabilization  of  C2  symmetric 
ansa-zirconocene catalyst 5.5 
 
Thus far, our studies with the quantified supported activator and the olefinic 
thioether trapping agent for the formation of well-defined and (sufficiently) stable 
immobilized  catalyst  species  involved  only  the  decamethylzirconocene  catalyst 
system. In order to illustrate the versatility of the approach, those studies have been Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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extended to the activation and immobilization of commercially relevant catalysts. 
Therefore,  we  studied  the  trapping  procedure  for  the  C2  symmetric  ansa-
zirconocene [Me2Si(2-Me-4-PhInd)2]ZrMe2 (5.5) (Figure 5.1).
15  
 
 
Figure 5.1 C2 symmetric ansa-zirconocene 5.5. 
 
In view of the reactivity observed for Cp
*
2ZrMe2 (3.1) when activated with the 
triethyl ammonium borate [Et3NH][B(C6F5)4] (2.1) in polar (e.g. bromobenzene) 
and apolar solvents (e.g. benzene, see Chapter 4) in absence of olefinic substrate, 
we decided to use B(C6F5)3 and anilinium borate [Me2PhNH][B(C6F5)4] (4.1) to 
study the activation of 5.5 in solution and the supported anilinium borate cocatalyst 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3) to study the activation of 5.5 on a 
silica support.  
 
5.3.1   Activation  and  stabilization  of  C2  symmetric  ansa 
zirconocene catalyst [Me2Si(2-Me-4-PhInd)2]ZrMe2 
 
The dichloride precursor of 5.5, [Me2Si(2-Me-4-PhInd)2]ZrCl2 has been used in 
combination  with  MAO  for  ethene  and  (isospecific)  propene  polymerization  in 
solution as well as on a silica support.
15 Despite the exceptional performance of 
this  catalyst,
16  unambiguous  characterization  of  the  active  species  has  been 
hampered by the use of MAO as cocatalyst. Thus, to generate a better defined 
system that also allows for quantification of the active species, we activated the 
catalyst precursor 5.5 with anilinium borate based cocatalysts in the presence and 
absence of a functionalized olefinic substrate (AMT, BMT).  
Reaction  of  a  THF-d8  solution  of  5.5  with  one  equivalent  of 
[Me2PhNH][B(C6F5)4]  (4.1)  in  absence  of  olefinic  substrate  (Scheme  5.5,  top) 
results  in  the  quantitative  formation  of  the  THF-adduct 
[L2ZrMe(THF-d8)][B(C6F5)4] (5.6a) (L = ½Me2Si(2-Me-4-PhInd)2) and liberation 
of one equivalent of free NMe2Ph as confirmed by NMR analysis. In the aliphatic 
region, the 
1H NMR spectrum of 5.6a is characterized by one resonance at d -0.15 CHAPTER 5 
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ppm for the Zr-CH3 group and four singlets at d 1.29 + 1.44 ppm and d 2.18 + 2.53 
ppm for the Si-CH3 and Ind-CH3 groups, respectively. The NMe2 singlet for free 
DMA is found at d 2.91 ppm.  
 
Me2Si Zr
Me
Me
[Me2PhNH][B(C6F5)4]
(5.5)
(4.1)
Me2Si Zr
Me
NMe2Ph
Me2Si Zr
Me
(5.6c) (5.6b)
B(C6F5)4 B(C6F5)4
 1/2NMe2Ph
1/2 1/2
Me2Si Zr
Me
(5.6a)
B(C6F5)4
[Me2PhNH][B(C6F5)4] (4.1)
 NMe2Ph
C6D5Br
THF d8 THF d8
BrC6D5
 
Scheme 5.5 
 
Activation of 5.5 with anilinium borate (4.1) in bromobenzene yielded a 1 : 1 
mixture  of  the  ionic  species  [L2ZrMe(C6D5Br)][B(C6F5)4]  (5.6b)  and  the 
N,N-dimethylaniline adduct [L2ZrMe(NMe2Ph)][B(C6F5)4] (5.6c) in addition to free 
aniline as a dark red solution (Scheme 5.5, bottom).  
In contrast to the decomposition of the methyl cation [Cp
*
2ZrMe]
+ via C-H bond 
activation processes (see Chapter 4), the ansa-zirconocene methyl cation appears to 
be  sufficiently  stable  when  generated  in  the  presence  of  bromobenzene  and 
N,N-dimethylaniline. The 
1H NMR spectrum of the reaction mixture at 25°C shows 
a single resonance at d -0.33 ppm (ZrCH3) and four singlets at d 0.94 + 1.06 ppm 
(SiMe2)  and  d 1.73 +1.85 ppm  (IndCH3)  assigned  to  the  bromobenzene  adduct 
5.6b. The DMA adduct 5.6c is characterized by a singlet at d -0.50 ppm for the 
ZrCH3  group,  the  SiMe2  bridging  unit  and  the  Ind-CH3  moiety  are  found  at 
d 0.86 + 1.00 ppm and d 1.63 +1.80 ppm, respectively. The 
13C NMR peaks for 
each ZrCH3 group are observed at d 56.17 ppm and d 54.56 ppm. The SiCH3 and 
Ind-CH3  carbons  are  found  at  d 1.95 + 1.60 + 1.54 + 1.32  ppm  and Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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d 19.40 + 18.97 + 17.82 + 17.39 ppm, respectively. The 
19F NMR spectrum shows 
resonances characteristic of free [B(C6F5)4]
-.  
Two distinct resonances are observed for NMe2 of free (d 2.64 ppm, 6H) and 
coordinated (d 2.23 ppm, 6H) aniline in a 1:1 ratio with the corresponding carbon 
resonances at d 40.23 ppm and d 42.05 ppm. The variable temperature 
1H NMR 
spectra of the reaction mixture show broadening of the resonances of coordinated 
N,N-dimethylaniline  as  the  temperature  is  lowered  to  -30°C,  suggesting  that 
dissociation/exchange of coordinated DMA is getting slower on NMR time scale. 
However, cooling at -30°C is not sufficient to show two separate resonances for the 
diastereotopic methyl groups of coordinated DMA. Additionally, an increase in the 
concentration  of  the  adduct  5.6c  relative  to  5.6b  is  observed  (ratio  1:0.4).  On 
raising the temperature to 70°C, full conversion to the free aniline species 5.6b 
(ZrCH3 at d -0.34 ppm) is observed with concomitant liberation of one equivalent 
of DMA (d 2.60 ppm, 6H). Coalescence of the Ind-CH3 (d 1.82 ppm, 6H) and 
SiCH3  (d 1.03  ppm,  6H)  signals  for  5.6b  is  consistent  with  site  epimerization 
processes. 
In a separate experiment, the NMR assignments of 5.6b and 5.6c were confirmed 
by the addition of 1.7 equivalents of N,N-dimethylaniline to the reaction mixture 
which  resulted  in  an  increase  of  the  free  aniline  peak  at  d 2.64  ppm  and 
concomitant disappearance of the resonances associated to the aniline-free species 
5.6b.  
Addition of [(n-C4H9)4N]Br to a bromobenzene-d5 solution of 5.6 afforded the 
neutral complex L2ZrMeBr (5.7) quantitatively with liberation of one equivalent of 
aniline (Scheme 5.6).  
 
 
Scheme 5.6 
 
The 
1H NMR spectrum shows one ZrCH3 signal for 5.7 at d -0.65 ppm. The 
corresponding 
13C NMR resonance is observed at d 41.33 ppm. In the 
1H NMR 
spectrum  the  resonances  for  Ind-CH3  and  SiCH3  groups  are  observed  at 
d 2.05 + 1.89 ppm  and  d 0.96 + 0.92 ppm,  respectively.  The  corresponding 
13C 
shifts  are  observed  at  d 18.37 + 18.28  ppm  and  d 2.16 + 2.25  ppm.  When  the CHAPTER 5 
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reaction was performed in an apolar solvent (e.g. benzene) a red oily precipitate 
was first observed. Addition of [(n-C4H9)4N]Br to the NMR tube resulted in the 
formation of the neutral complex 5.7 as an orange solution.  
As  previously  observed  for  the  cationic  species  [Cp
*
2ZrMe]
+,  reaction  of  a 
bromobenzene solution of 5.5 with one equivalent of B(C6F5)3 in the presence of a 
stoichiometric amount of AMT resulted in the quantitative formation of the ionic 
species  [L2Zr(CH2CHMeCH2SMe)][MeB(C6F5)3]  (5.8)  (L = ½Me2Si(2-Me-4-
PhInd)2),  which  derives  from  insertion  of  the  olefin  into  the  Zr-Me  bond  and 
intramolecular coordination of the thioether moiety (Scheme 5.7).  
 
 
Scheme 5.7 
 
NMR analysis indicates that the reaction is diastereoselective. In the 
1H NMR 
spectrum two resonances for the Ind-CH3 and two resonances for the Si(CH3)2 
groups  are  found  at  δ 1.60 ppm + δ 1.56 ppm  and  δ 0.85 ppm + δ 0.76 ppm, 
respectively.  The  corresponding  carbon  signals  are  observed  at  δ 18.30 ppm  + 
δ 17.34 ppm  and  δ 1.87 ppm  +  δ 1.62 ppm.  The  diastereotopic  protons  of  the 
ZrCH2  group  are  found  at  δ -0.35 ppm  and  δ -0.88 ppm,  indicative  for  the 
formation of this type of chelate compound. The ZrCH2 is located at δ 69.74 ppm 
in the 
13C NMR spectrum. Upon addition of one equivalent of [(n-C4H9)4N]Br to 
the NMR tube a color change of the solution from orange to dark yellow was 
immediately  observed  with  formation  of  neutral  bromide  species 
L2Zr(CH2CHMeCH2SMe)Br (5.9) (Scheme 5.8).  
 
 
Scheme 5.8 
 
The 
1H  NMR  spectrum  shows  two  resonances  for  Ind-CH3  groups  and  two 
resonances  for  Si(CH3)2  at  δ 1.92 ppm  and  δ 1.88 ppm  and  δ 0.84 ppm  and 
δ 0.82 ppm, respectively. In the 
13C NMR spectrum, the corresponding resonances 
are  found  at  δ 18.64 ppm + 18.52 ppm  (Ind-CH3)  and  δ 2.25 ppm + 2.19  ppm 
(SiCH3). The two CH2 groups of the thioether moiety with diastereotopic protons 
are found at δ 1.96 ppm and δ 1.27 ppm (SCH2) and δ -0.75 ppm and δ -1.06 ppm 
(ZrCH2) with the corresponding carbons at δ 48.26 ppm and δ 70.83 ppm.  Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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Analogous results were obtained when the precatalyst 5.5 was activated in the 
presence of AMT with [Me2PhNH][B(C6F5)4] (4.1) (Scheme 5.9).  
 
 
Scheme 5.9 
 
Quantitative  formation  of  the  chelate  species 
[L2Zr(CH2CHMeCH2SMe)][B(C6F5)4]  (5.10)  was  immediately  observed  as 
indicated by NMR spectroscopy. Compound 5.10 could be quantitatively converted 
into the neutral species 5.9 by addition of [(n-C4H9)4N]Br (Scheme 5.8).  
These experiments show that the cation [L2ZrMe]
+ is stabilized by quantitative 
insertion of the olefinic substrate AMT into the Zr-Me bond with formation of the 
corresponding  5-membered  chelate  species.  Based  on  the  results  for  the 
decamethylzirconocene  species  [Cp
*
2Zr(CH2CHMeCH2SMe)]
+,  this  stabilization 
might  be  too  strong  to  allow  further  insertion  of  monomer  (e.g.  ethene)
2,7  and 
polymerization might be blocked effectively. Thus, a good balance of reactivity 
and stability would be offered by the use of 3-butenyl methyl thioether (BMT) to 
generate the analogous 6-membered chelate that (at slightly elevated temperatures) 
is more easily opened by ethene. 
Activation  of  the  precatalyst  5.5  with  [Me2PhNH][B(C6F5)4]  (4.1)  in 
bromobenzene  in  the  presence  of  one  equivalent  of  BMT  afforded  a  dark  red 
solution. The product was identified by NMR spectroscopy (
1H, 
13C and 
19F) as the 
6-membered chelate 5.11 (Scheme 5.10). In the 
1H NMR spectrum, formation of 
5.11 is evidenced by the resonances of the diastereotopic protons of the CH2 groups 
in the 6-membered ring at d 1.35 + 1.28 ppm (SCH2), d 0.46 + 0.14 ppm (CHCH2) 
and  d -0.39 + -0.74 ppm  (ZrCH2).  The  methyl  protons  Ind-CH3  are  observed  at 
d 1.65 + 1.60  ppm  and  the  corresponding  carbon  resonances  are  found  at 
d 18.57 + 17.10 ppm. In the 
1H NMR spectrum, the methyl groups of the silane 
bridging moiety are observed at d 0.95 + 0.92 ppm and the corresponding carbons 
are observed at d 1.61 + 1.59 ppm.  
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Scheme 5.10 
 
The ionic compound 5.11 was quantitatively converted into the corresponding 
neutral  species  L2Zr(Br)(CH2CHMeCH2CH2SMe)  (5.12)  by  reaction  with  one 
equivalent of [(n-C4H9)4N]Br, resulting in a discoloration of the solution from red 
to orange (Scheme 5.11).  
 
 
Scheme 5.11 
 
In the 
1H NMR spectrum, two resonances are observed for the Ind-CH3 groups at 
δ 1.85 ppm  and  d 1.84 ppm.  The  methyls  of  the  Si(CH3)2  bridging  unit  are 
characterized by two singlets in the 
1H NMR spectrum at δ 0.79 + 0.80 ppm and 
two  distinct  peaks  in  the 
13C  NMR  spectrum  at  d 2.26 + 2.14  ppm.  The 
diastereotopic  protons  of  the  ZrCH2  group  are  located  at  δ -0.54 ppm  and  -
1.44 ppm  with  the  corresponding  carbon  at  δ 71.82  ppm.  The  remaining  CH2 
groups with diastereotopic protons are observed at d 1.61 + 1.48 ppm (SCH2) and 
d 1.05 + 0.38 ppm (CHCH2).  
Comparable results were obtained when the same reaction was performed in 
benzene. 
From these experiments it can be seen that stabilization of the activated catalyst 
[L2ZrMe]
+ by intramolecular coordination of the olefinic thioether trapping agent 
BMT leads to the formation of the (sufficiently) stable 6-membered chelate 5.11. 
Its  conversion  into  the  neutral  species  5.12  (by  reaction  with  [(n-C4H9)4N]Br) 
allows for quantification of potentially catalytically active species.  
Thus, our approach with the olefinic thioether trapping agent in conjunction with 
a nucleophile ([(n-C4H9)4N]Br) can be extended to the generation of well-defined 
analogous silica-supported systems.  
 
 Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
  143 
5.3.2   Immobilization  and  quantification  of  C2  symmetric 
ansa-zirconocene catalyst 5.5 
 
An  NMR  tube  was  charged  with  the  silica-supported  borate  activator 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3) and contacted with one equivalent 
of 5.5 (ratio B:Zr 1:1) in the presence of two equivalents of BMT in C6D5Br. 
Immediately  the  silica  took  a  red  color,  indicating  activation  and  concomitant 
immobilization of 5.5 (Scheme 5.12).  
 
 
Scheme 5.12 
 
The reaction was carried out in the presence of ferrocene as internal standard for 
quantification. The formation and concomitant immobilization of the chelate cation 
[L2Zr(CH2CHMeCH2CH2SMe)]
+ was monitored by 
1H NMR spectroscopy over a 
period of 5 hours. Results are reported in Table 5.5.  
 
Table 5.5 Immobilization of L2ZrMe2 (5.5) in the presence of BMT. 
t  5.5 in solution  
 mol (%mol) 
BMT in solution 
 mol (%mol) 
NMe2Ph in solution 
 mol (%mol) 
0.5h  2.1 (30%)  11.9 (85%)  4.9 (70%) 
1h  1.7 (24%)  8.7 (62%)  5.3 (76%) 
2h  0.56 (8%)  7.6 (54%)  6.4 (92%) 
3h  0.42 (6%)  7.4 (53%)  6.6 (94%) 
4h  0.28 (4%)  7.3 (52%)  6.7 (96%) 
5h  0.0 (0%)  7.0 (50%)  7.0 (100%) 
t= contact time between silica-supported borate activator and 5.5+BMT; 1:1 ratio B:Zr; 
BMT:Zr ratio 2:1. 
 
It  can  be  observed  that  a  rapid  decrease  of the  concentration  of the catalyst 
precursor  5.5  in  solution  occurs  within  0.5h,  accompanied  by  an  equimolar CHAPTER 5 
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consumption of BMT and release of free aniline into solution. After this initial 
phase, a gradual disappearance of 5.5 and BMT occurred over a period of 5 hours, 
at which point all of 5.5 and an equimolar amount of BMT had been consumed 
with concomitant release of one equivalent per Zr of aniline. This indicates that all 
5.5 should be supported on the silica as [L2Zr(CH2CHMeCH2CH2SMe)]
+.  
To identify the reaction product(s) by NMR spectroscopy and check whether the 
formation of the supported cation [L2Zr(CH2CHMeCH2CH2SMe)]
+ is quantitative, 
the supported species need to be released into solution.  
 
 
Scheme 5.13 
 
Addition  of  [(n-C4H9)4N]Br  resulted  in  the  selective  formation  of  the 
corresponding neutral species 5.12, as indicated by 
1H NMR spectroscopy (Scheme 
5.13).  
As  previously  reported  for  the  analogous  homogeneous  system,  comparable 
results were obtained when a less polar solvent (benzene) was used during the 
activation and immobilization steps. 
In a similar manner, activation and immobilization of 5.5 in absence of olefinic 
substrate was monitored by 
1H NMR spectroscopy for a period of 5 hours. In the 
first hour a rapid decrease in the concentration of 5.5 is observed (up to 80%), 
followed by a more gradual disappearance of the precatalyst from solution. Within 
5  hours  all  5.5  reacted  with  the  silica,  resulting  in  a  red-colored  support. 
Subsequent addition of [(n-C4H9)4N]Br resulted in a discoloration of the support 
from red to dark yellow and in the quantitative release of [L2ZrMeBr (5.7) into 
solution (Scheme 5.14). 
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Scheme 5.14 
 
These  experiments  show  that  the  cationic  species  [L2ZrMe]
+,  formed  by 
activation  of  5.10  with  anilinium-based  borate  cocatalysts,  can  further  insert 
(quantitatively)  one  molecule  of  olefinic  substrate  to  yield  the  chelate 
[L2Zr(CH2CHMe(CH2)nSMe]
+ (n = 1,2). The weaker intramolecular coordination 
for the 6-membered chelate (n = 2) should allow for further insertion of monomer 
(ethene)  to initiate  polymerization.  In  contrast  to  our  previous  observations for 
[Cp
*
2ZrMe]
+ (see Chapter 4), the ansa-zirconocene methyl cation, when generated 
in the absence of trap, is sufficiently stable, possibly eliminating the need for a 
protecting agent such as BMT. In the next section, polymerization data for the 
“trapped” and “untrapped” cation in solution and on support are presented.  
 
5.3.3   Polymerization  experiments  with  C2  symmetric  ansa 
zirconocene catalyst 5.5 
 
The  catalyst  precursors  L2ZrMe2  (5.5)  and  5.5/BMT,  activated  with  the 
anilinium  borate  salts  SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3]  (4.3)  and 
[Me2PhNH][B(C6F5)4]  (4.1)  were  tested  for  ethene  homopolymerization.  The 
supported  catalysts  were  prepared  by  contacting  a  toluene  solution  of  5.5  or 
5.5/BMT  (ratio  1:1)  with  the  silica-supported  borate  activator  4.3  (prepared  as 
previously described in Chapter 4) for 5 hours at room temperature to allow for 
complete  immobilization  of  the  activated  species.  After  this  time,  the  silica 
suspension  was  injected  into  the  autoclave  under  ethene  pressure  (5  bar).  The 
results are shown in Table 5.6.  
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Table 5.6 Polymerization data for homogeneous and supported systems. 
entry  Cat. 
Zr  
(mmol) 
activator  yield 
(g)  act.
c  Mw  
(´10
3) 
Mn 
(´10
3) 
Mw/Mn 
1
a  5.5  2  4.1  18.2  7280  217  95  2.3 
2
a  5.5/BMT  2  4.1  14.4  5782  212  108  2.0 
3
b  5.5  5  4.3  20.5  1640  257  94  2.7 
4
b  5.5/BMT  5  4.3  13.2  1056  283  78  3.6 
atoluene solvent (250 mL), TIBAO scavenger, Al/Zr = 20, 5 bar ethene, 80°C, 15 min. run 
time; 
btoluene  solvent  (250 mL),  TIBAO  scavenger,  Al/Zr = 20,  5 bar  ethene,  80°C, 30 
min. run time;
cKg(PE)´mol Zr
-1´bar
-1´h
-1. 
 
All systems were active in ethene homopolymerization. In both supported and 
homogeneous catalysts, the trapped system shows polymerization activity slightly 
lower than that of the analogous “untrapped” system. This indicates that under 
polymerization  conditions  the  6-membered  chelate  cation 
[L2Zr(CH2CHMe(CH2)2SMe]
+ is easily reactivated by ethene. Supported catalysts 
clearly  showed  lower  polymerization  activities  in  comparison  with  their 
homogeneous counterparts. This might be ascribed to diffusion limitation of the 
monomer through the silica particles resulting in incomplete particle fragmentation 
and, thus, fewer accessible active sites on the supported variant (see above). All 
molecular  weight  distribution  curves  are  unimodal,  indicative  for  single-center 
behavior.  
For the supported catalyst systems, when the reactor was opened to ambient, no 
indication of reactor fouling could be observed and polymers were obtained as 
irregularly  shaped  powderish  materials.  In  the  case  of  homogeneous  systems, 
inspection of the reaction mixture at the end of the run shows the formation of a 
gel-like mass around the reactor stirrer.  
 
5.4   Conclusions 
 
Cationic  zirconium  alkyl  species  [L’2ZrMe]
+  (L’ = Cp
*;  ½ Me2Si(2-Me-4-
PhInd)2),  generated  by  activation  of  the  corresponding  catalyst  precursors  with 
boron-based  cocatalysts,  can  be  stabilized  by  an  olefinic  substrate  of  the  type 
CH2CH(CH2)nSMe  (n = 1,2)  via  intramolecular  coordination  of  the  Lewis  basic 
functionality.  The  use  of  a  trap  with  a  longer  spacer  length,  3-butenyl  methyl 
thioether (n = 2), results in the weakening of the intramolecular interaction in the 
stabilized activated catalyst, affording a (sufficiently stable) 6-membered chelate 
quantitatively. This combination readily allows catalysis under reactor conditions 
and provides good thermal stability in the absence of monomer (e.g. ethene). All 
“trapped”  systems  were  indeed  active  for  ethene  homopolymerization  with 
activities only slightly lower than those of the “untrapped” cationic counterparts. Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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This indicates that the BMT-stabilized catalysts under reaction conditions (at 80°C) 
allow the intramolecularly coordinated thioether functionality to be displaced by 
ethene,  which  can  subsequently  insert  into  the  Zr-C  bond  to  initiate  the 
polymerization.  
Whereas  the  methyl  cation  [Cp
*
2ZrMe]
+  rapidly  decomposes  via  C-H  bond 
activation processes (see Chapter 4), the ansa-zirconocene cation appears to be 
stable  when  generated  in  the  absence  of  olefinic  substrate  by  activation  with 
anilinium borate, as indicated by quantitative recovery of the corresponding neutral 
species L2ZrMeBr (5.7).  
According to the procedure described in Chapter 3, the degree of activation of 
the immobilized and homogeneous systems could be successfully quantified by 
addition of a nucleophile using simple NMR tube-scale experiments. This approach 
could be applied to evaluate the lifetime of supported catalyst species to correlate 
the concentration of active species with polymerization activity. 
 
5.5   Outlook 
 
The  use  of  1-alkenes  of  the  type  CH2=CH-bridge-L  (L = Lewis  base)  in 
conjunction with cationic transition-metal alkyl species resulted in the stabilization 
of the cationic active site by intramolecular coordination. The principle of using 
trapping substrates to stabilize catalysts in their activated form should be applicable 
to a wide range of (polymerization) catalysts, provided that the right combination 
catalyst/trapping substrate can be found to achieve an optimal balance of thermal 
stability and reactivity under reactor conditions. Parameters that might be varied to 
achieve this optimum include hardness/softness and strength of the Lewis base, the 
spacer  length  between the  olefinic  and  Lewis  basic  moieties  and  the  nature  of 
substituents on the Lewis basic group. 
Thus,  this  approach  could  be  used  to  improve  catalyst  storage  stability, 
especially  for  non-MAO  activated  systems,  by  preventing  degradation  of  the 
catalyst and its subsequent performance after storage. 
 
5.6   Experimental section 
 
General considerations. For general considerations see Chapter 2, Chapter 3 and 
Chapter  4.  [Ph3C][B(C6F5)4]  was  obtained  from  Strem  Chemicals  and  used  as 
purchased. The ansa-Zr compound [Me2Si(2-Me-4-PhInd)2]ZrMe2 (5.5) was kindly 
donated  by  Dr.  Bodo  Richter  (LyondelBasell).  The  olefinic  substrate  3-butenyl 
methylthioether (BMT) was synthesized according to a published procedure.
17 For 
NMR data of [B(C6F5)4]
-, Et3N and NMe2Ph, see Chapter 4. CHAPTER 5 
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NMR data of [Me2Si(2-Me-4-PhInd)2]ZrMe2 (5.5). 
1H NMR (400 MHz, CDCl3, 
d): 7.61 (d, JHH = 7.8 Hz, 4H), 7.56 (d, JHH = 7.8 Hz, 2H), 7.44 (t, JHH = 6.8 Hz, 
4H), 7.36 (t, JHH = 7.5 Hz, 2H), 7.30 (d, JHH = 7.3 Hz, 2H), 7.04 (t, JHH = 6.9 Hz, 
2H), 6.98 (s, C5MeH, 2H), 2.12 (s, IndCH3, 6H), 1.14 (s, SiCH3, 6H), -1.16 (s, 
ZrCH3,  6H).
  13C{
1H}  NMR  (125.7 MHz,  CDCl3,  d):  140.64,  138.40,  135.07, 
128.80,  128.56,  128.50,  128.20,  127.69,  124.68,  124.42,  124.16,  115.54,  79.20 
(SiC), 35.72 (ZrCH3), 18.37 (IndCH3), 2.93 (SiCH3). 
NMR  data  for  [MeB(C6F5)3]
-. 
1H  NMR  (500 MHz,  C6D5Br,  d):  1.11,  (s, 
CH3B(C6F5)3, 3H). 
13C{
1H} NMR (125.7 MHz, C6D5Br, d): 149.5 (d, JCF = 239 Hz, 
o-CF),  138.5  (d,
  JCF = 245 Hz,  p-CF),  137.5  (d,  JCF = 245 Hz,  m-CF),  10.8 
(CH3B(C6F5)3). 
19F NMR (400 MHz, C6D5Br, d): -132.1 (d, JFF = 21 Hz, o-F, 6F), 
-164.4 (t, JFF = 21.5 Hz, p-F, 3F), -166.8 (t, JFF = 19.7 Hz, m-F, 6F).  
 
Generation of [Cp
*
2Zr(CH2CHMeCH2CH2SMe)][MeB(C6F5)3] (5.1) in C6D5Br.  
In  an  NMR  tube  a  C6D5Br  solution  of  Cp2
*ZrMe2  (3.1,  60 µmol,  23 mg)  and 
3-butenyl methyl thioether (60 µmol, 7.7 µL) was treated with one equivalent of 
B(C6F5)3 (60 µmol, 31 mg) resulting in a red solution. After 30 minutes solvent and 
volatiles  were  removed  under  vacuum.  The  compound 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)][MeB(C6F5)3] (5.1)  was  readily  formed.  Yield: 
90% (54 µmol, 54 mg). Anal. Found: C 58.03%; H 3.91%; B 0.87%. Calcd. values: 
C 58.95%; H 3.86%; B 0.90%. Hydrolysis of 5.1 with methanol yielded 3-methyl-
butylmethylsulfide. GC-MS (EI, 70 eV): m/z 118 (M
 +, 8), 103 (3), 99 (38), 93 (9), 
86 (35), 79 (6), 75 (5), 69 (3), 61 (100), 54 (11).  
1H  NMR  (500 MHz,  C6D5Br,  d):  2.53  (t,  JHH = 12  Hz,  ZrCHH,  1H),  2.38  (t, 
JHH = 11 Hz,  SCHH,  1H),  2.3  (t, JHH = 11.2 Hz,  SCHH,  1H),  2.07  (m,  CHCH3, 
1H), 1.60 (s, Cp
*, 30H), 1.52 (m, SCH2CHH, 1H), 1.47 (s, SCH3, 3H), 0.84 (d, 
JHH = 6.4 Hz,  CHCH3,  3H),  0.45  (q,  JHH = 13 Hz,  SCH2CHH,  1H),  -3.17  (d, 
JHH = 12.3 Hz,  ZrCHH,  1H). 
13C{
1H}  NMR  (125.7 MHz,  C6D5Br,  d):  124.11 
(C5Me5),  123.90  (C5Me5),  93.12  (ZrCH2),  39.92  (CHCH3),  36.12  (SCH2CH2), 
34.23 (SCH2CH2), 29.94 (CHCH3), 15.60 (SCH3), 11.25 (C5Me5), 10.92 (C5Me5),  
To the NMR tube, a second equivalent of BMT (60 µmol, 7.7 µL) was added at 
room temperature. The reaction was monitored by 
1H NMR spectroscopy for 2 
hours, but no further reaction was observed.  
 
Generation of Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2) in C6D5Br.  
In  an  NMR  tube  a  C6D5Br  solution  of 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)][MeB(C6F5)3]  (5.1)  was  treated  with  one 
equivalent of NBu4Br (60 µmol, 20 mg) to yield an orange solution. Solvent and 
volatiles were evaporated under reduced pressure until a dark yellow solid was 
obtained. Benzene (0.5 mL) was added to dissolve the solid. Addition of pentane (3 
mL)  resulted  in  the  precipitation  of  a  white  solid  identified  as Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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[NBu4][CH3B(C6F5)3]. The solution was carefully decanted, washed with pentane 
(4 mL) and dried under vacuum. Compound 5.2 was obtained as a yellow solid. 
Yield: 79% (47 µmol, 26 mg). Anal. Found: C 55.66%; H 7.75%. Calcd. values: C 
55.88%; H 7.76%. 
1H NMR (500 MHz, C6D5Br, d): 2.47 (m, SCHH, 1H), 2.38 (m, SCHH, 1H), 2.02 
(s, SCH3, 3H), 1.91 (m, SCH2CHH, 1H), 1.85, 1.84 (s, Cp
*, each 15H), 1.78 (m, 
CHCH3, 1H), 1.13 (m, SCH2CHH, 1H), 0.93 (d, JHH = 6.2 Hz, CHCH3, 3H), 0.17 
(dd, JHH = 6.5 Hz, 13.3 Hz, ZrCHH, 1H), 0.05 (dd, JHH = 6.5 Hz, 13.3 Hz, ZrCHH, 
1H). 
13C{
1H} NMR (125.7 MHz, C6D5Br, d): 120.45 (C5Me5), 120.40 (C5Me5), 
65.41  (ZrCH2),  41.60  (SCH2CH2),  33.52  (CHCH3),  32.63  (SCH2CH2),  24.10 
(CHCH3), 15.32 (SCH3), 12.14 (C5Me5), 12.12 (C5Me5).  
 
Generation  of  [Cp
*
2Zr(CH2CHMeCH2CH2SMe)][B(C6F5)4]  (5.3)  and  the 
neutral species Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2) in C6D5Br.  
In an NMR tube a C6D5Br solution of Cp2
*ZrMe2 (3.1, 60 µmol, 23 mg) and 3-
butenyl methyl thioether (60 µmol, 7.7 µL) was reacted with one equivalent of 
[Me2PhNH][B(C6F5)4]  (4.1,  60 mmol,  48 mg)  resulting  in  an  orange  colored 
solution.  The  complex  [Cp
*
2Zr(CH2CHMeCH2CH2SMe)][B(C6F5)4]  (5.3)  was 
readily formed together with free PhNMe2. The 
1H NMR and 
13C NMR spectra of 
the  cationic  species  [Cp
*
2Zr(CH2CHMeCH2CH2SMe)]
+  are  comparable  to  those 
reported for compound 5.1 (see above).  
Addition  of  one  equivalent  of  NBu4Br  (60 µmol,  20 mg)  to  the  bromobenzene 
solution  of  5.3  resulted  in  a  yellow  solution. 
1H  NMR  spectroscopy  showed 
resonances corresponding to Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2) (see above 
for NMR data), free PhNMe2 and [NBu4][B(C6F5)4]).
18 
In a separate experiment, a C6D5Br solution of Cp2
*ZrMe2 (3.1, 60 µmol, 23 mg) 
and BMT (60 µmol, 7.7 µL) was reacted with one equivalent of [Et3NH][B(C6F5)4] 
(2.1, 60 µmol, 47 mg). The 
1H NMR spectrum shows resonances of 5.3 and free 
Et3N. Addition of one equivalent of NBu4Br (60 µmol, 20 mg) resulted in a yellow 
solution.  The 
1H  NMR  spectrum  showed  resonances  for 
Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2), free Et3N and [NBu4][B(C6F5)4]. 
 
Generation of Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2) in C6D6.  
In an NMR tube a C6D6 solution of Cp
*
2ZrMe2 (3.1, 30 µmol, 11.7 mg) was treated 
with one equivalent of BMT (30 µmol, 3.83 µL) and one equivalent of B(C6F5)3 
(30 µmol,  15 mg).  A  red  oily  precipitate  was  immediately  formed.  After  30 
minutes one equivalent of NBu4Br (30 µmol, 10 mg) was added, resulting in the 
formation of the neutral species Cp
*
2Zr(CH2CHMeCH2CH2SMe)Br (5.2).  
1H NMR (500 MHz, C6D6, d): 2.55 (m, SCHH, 1H), 2.38 (m, SCHH, 1H), 2.1 (m, 
SCH2CHH, 1H), 2 (s, SCH3, 3H), 1.84, 1.83 (s, Cp
*, each 15H), 1.31 (m, CHCH3, 
1H),  1.05  (d,  JHH = 6.2 Hz,  CHCH3,  3H),  0.97  (m,  SCH2CHH,  1H),  0.31  (dd, CHAPTER 5 
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JHH = 6.3 Hz, 12.9 Hz, ZrCHH, 1H), 0.11 (dd, JHH = 5.5 Hz, 12.9 Hz, ZrCHH, 1H). 
13C{
1H}  NMR  (125.7 MHz,  C6D6,  d):  122.20  (C5Me5),  122.10  (C5Me5),  67.20 
(ZrCH2), 41.31 (SCH2CH2), 36.22 (CHCH3), 29.30 (SCH2CH2), 23.91 (CHCH3), 
14.12 (SCH3), 10.25 (C5Me5), 10.10 (C5Me5).  
 
NMR scale reaction: activation of Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(CH3)2 (5.5) 
with anilinium borate (4.1) in THF-d8.  
Equimolar  amounts  of  5.5  (50 µmol,  29 mg)  and  4.1  (50 µmol,  40 mg)  were 
dissolved in THF-d8 resulting in a red solution. Clean formation of the THF-adduct 
Me2Si[rac-((2-Me-5-Ph)Ind)2]ZrCH3(THF-d8)][B(C6F5)4]  (5.6a)  and  free  aniline 
was observed.  
1H  NMR  (500 MHz,  THF-d8,  d):  8.03  (d,  JHH = 7.6  Hz,  CH  Ar,  1H),  7.73  (s, 
C5MeH, 1H), 7.71 (d, JHH = 8.7 Hz, CH Ar, 1H), 7.65 (m, CH Ar, 2H), 7.61 (d, 
JHH = 7.0 Hz, CH Ar, 1H), 7.56-7.35 (m, CH Ar overlap with free NMe2Ph), 7.26 
(m, CH Ar, 1H), 7.14 (m, CH Ar, 2H), 6.80 (s, C5MeH, 1H), 2.53, 2.18 (s, IndCH3, 
each 3H), 1.44, 1.29 (s, SiCH3, 3H each), -0.15 (s, ZrCH3, 3H). 
13C{
1H} NMR 
(125.7 MHz, THF-d8, d): 141.25, 140.99, 139.85, 139.40, 139.22, 138.72, 138.52, 
137.18, 136.66, 132.89, 132.70, 131.39, 131.13, 130.80, 130.67, 129.29, 129.07, 
128.96, 128.51, 128.28, 128.06, 127.87, 127.31, 126.31, 120.14, 84.51 (SiC), 84.04 
(SiC),  50.27  (ZrCH3),  17.37  (IndCH3),  17.05  (IndCH3),  1.37  (SiCH3),  1.09 
(SiCH3). 
 
NMR scale reaction: activation of Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(CH3)2 (5.5) 
with anilinium borate (4.1) in C6D5Br.  
A C6D5Br solution of Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2 (5.5, 50 µmol, 29 mg) 
was treated with one equivalent of [HNMe2Ph][B(C6F5)4] (4.1, 50 µmol, 40 mg), 
resulting  in  a  dark  red  solution.  Immediate  evolution  of  gas  (methane)  was 
observed.  Formation  of  a  1:1  mixture  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]ZrCH3(C6D5Br)][B(C6F5)4]  (5.6b)  and  Me2Si[rac-((2-Me-4-
Ph)Ind)2]ZrCH3(NMe2Ph)][B(C6F5)4] (5.6c) was observed.  
1H NMR (400 MHz, C6D5Br, 25°C, d): 7.61-6.86 (m, CH Ar, free NMe2Ph overlap 
with solvent), 6.77 (t, JHH = 7.1 Hz, p-H free NMe2Ph, 1H), 6.60 (d, JHH = 7.8 Hz, 
o-H free NMe2Ph, 2H), 5.76 (br, C5MeH overlap with m-H coord. NMe2Ph, 3H), 
5.60 (br, p-H coord. NMe2Ph, 1H), 5.38 (d, JHH = 7.8 Hz, o-H coord. NMe2Ph, 
2H), 4.69 (s, C5MeH 5.6c, 1H), 2.64 (s, free NMe2Ph, 6H), 2.23 (s, coord. NMe2Ph, 
6H), 1.85, 1.73, (s, IndCH3 5.6b, each 3H), 1.80, 1.63 (s, IndCH3 5.6c, each 3H), 
1.06, 0.94 (s, SiCH3 5.6b, each 3H), 1.00, 0.86 (s, SiCH3 5.6c, each 3H), -0.33 (s, 
ZrCH3 5.6b, 3H), -0.50 (s, ZrCH3 5.6c, 3H). 
13C{
1H} NMR (125.7 MHz, C6D5Br, 
25°C, d): 151.57, 149.07, 143.53, 138.89, 138.70, 138.59, 138.25, 136.51, 136.29, 
134.76, 132.11, 131.71, 129.92, 129.11, 129.05, 128.82, 128.16, 127.92, 127.87, 
127.69, 126.70, 125.62, 125.49, 125.12, 125.08, 118.95, 118.51, 117.74, 115.59, Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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113.38, 88.25 (SiC), 88.17 (SiC), 84.10 (SiC), 83.96 (SiC), 56.17 (ZrCH3), 54.56 
(ZrCH3),  42,76  (NMe2),  41.42  (NMe2),  19.40  (IndCH3),  18.97  (IndCH3),  17.82 
(IndCH3),  17.39  (IndCH3),  1.95  (SiCH3),  1.60  (ZrCH3),  1.54  (SiCH3),  1.32 
(SiCH3).  
Cooling a C6D5Br solution of 5.5 (50 µmol, 29 mg) and 4.1 (50 µmol, 40 mg) to -
30°C resulted in the broadening of the coordinated NMe2Ph signals and increase of 
the amount of 5.6c compared to 5.6b (ratio 1:0.4).  
1H  NMR  (500 MHz,  C6D5Br,  -30°C,  d):  7.54-6.79  (m,  CH  Ar,  free  NMe2Ph, 
overlap  with  solvent),  6.55  (d,  JHH = 7.9  Hz,  o-H  free  NMe2Ph,  2H),  6.00  (br, 
coord. NMe2Ph, 3H), 5.59 (s, C5MeH 5.6b, 1H), 5.16 (br, o-H coord. NMe2Ph, 
2H),  4.82  (s,  C5MeH  5.6c,  1H),  2.52  (s,  free  NMe2Ph,  6H),  2.00  (br,  coord. 
NMe2Ph,  6H),  1.91  (s,  IndCH3  5.6b,  3H),  1.80  (s,  IndCH3  5.6c,  3H),  1.64  (s, 
IndCH3 5.6b, 3H), 1.41 (s, IndCH3 5.6c, 3H), -0.39 (s, ZrCH3 5.6b, 3H), -0.55 (s, 
ZrCH3 5.6c, 3H). 
Warming a sample of 5.5 (50 µmol, 29 mg) and 4.1 (50 µmol, 40 mg) in C6D5Br to 
70°C resulted in a solution containing 5.6b and free NMe2Ph.  
1H NMR (300 MHz, C6D5Br, 70°C, d): 7.76-6.32 (m, CH Ar, free NMe2Ph overlap 
with solvent), 2.61 (s, free NMe2Ph, 6H), 1.84 (s, IndCH3, 6H), 1.05 (s, SiCH3, 
6H), -0.32 (s, ZrCH3, 3H). 
In  a  separate  experiment,  addition  of  1.7  equivalents  of  N,N-dimethylaniline 
(10 µL,  85  µmol)  were  added  to  a  mixture  of  5.5  (50 µmol,  29 mg)  and  4.1 
(50 µmol, 40 mg) in C6D5Br caused the peaks of free aniline to increase in intensity 
and the resonances associated to the aniline-free species 5.6b to disappear. 
 
NMR  scale  reaction:  generation  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(CH3)Br 
(5.7) in C6D5Br.  
To a freshly prepared NMR tube containing a C6D5Br solution of 5.5 (50 µmol, 
29 mg) and 4.1 (50 µmol, 40 mg) was added one equivalent of NBu4Br (50 µmol, 
16 mg).  The  solution  took  an  orange  color  and  compound  5.7  was  formed 
quantitatively with liberation of N,N-dimethylaniline.  
1H NMR (400 MHz, C6D5Br, d): 7.83-6.55 (m, CH Ar), 2.05 (s, IndCH3, 3H), 1.89 
(s, IndCH3, 3H), 0.96 (s, SiCH3, 3H), 0.92 (s, SiCH3, 3H), -0.65 (s, ZrCH3, 3H). 
13C{
1H} NMR (125.7 MHz, C6D5Br, d): 150.44, 140.37, 139.77, 139.66, 138.47, 
138.30, 134.98, 134.35, 130.41, 128.96, 128.66, 128.45, 128.05, 127.66, 127.46, 
127.31,  125.60,  125.53,  125.19,  124.97,  124.76,  123.88,  118.85,  118.75,  81.62 
(SiC), 81.09 (SiC), 41.31 (ZrCH3), 18.35 (IndCH3), 18.26 (IndCH3), 2.20 (SiCH3), 
2.12 (SiCH3). 
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NMR  tube  reaction:  generation  of  [Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2SMe)][MeB(C6F5)3] (5.8) in C6D5Br. 
To a C6D5Br suspension of Me2Si[rac-((2-Me-5-Ph)Ind)2]ZrMe2 (5.5) (100 µmol, 
60 mg)  and  AMT  (100 µmol,  11 µL),  one  equivalent  of  B(C6F5)3  (100 µmol, 
51.2 mg) was added. The solvent was removed under reduced pressure. Compound 
5.8 was obtained as an orange solid. Yield: 91% (91 µmol, 0.108 g). Anal. Found: 
C 58.83%; H 3.91%, B 0.87%. Calcd. values: C 58.61%; H 3.73%; B 0.93%.  
1H NMR (400 MHz, C6D5Br, d): 7.52-6.60 (H Ar), 1.84 (m, SCHH, 1H), 1.81 (m, 
SCHH, 1H), 1.63 (m, CHCH3, 1H), 1.60 (s, IndCH3, 3H), 1.56 (s, IndCH3, 3H), 
1.26 (s, SCH3, 3H), 0.85 (s, SiCH3, 3H), 0.76 (s, SiCH3, 3H), 0.09 (d, JHH = 6.3 Hz, 
CHCH3, 3H), -0.35 (ddd, JHH = 2.5 Hz, 4.9 Hz, 12.9 Hz,  ZrCHH, 1H), -0.88 (t, 
JHH = 12.8 Hz,  ZrCHH,  1H). 
13C{
1H}  NMR  (125.7 MHz,  C6D5Br,  d):  140.77, 
139.49, 139.19, 139.00, 138.34, 138.14, 137.53, 129.03, 128.94, 128.82, 128.48, 
128.38, 128.10, 128.02, 127.93, 127.73, 126.83, 126.73, 125.40, 125.19, 124.62, 
124.20, 123.28, 120.02, 78.47 (SiC), 77.90 (SiC), 69.74 (ZrCH2), 49.31 (SCH2), 
35.54 (SCH3), 27.00 (CHCH3), 24.73 (CHCH3), 18.30 (IndCH3), 17.34 (IndCH3), 
1.87 (SiCH3), 1.62 (SiCH3).  
 
NMR  tube  reaction:  generation  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2SMe) (5.9) in C6D5Br.  
In an NMR tube one equivalent of NBu4Br (20 µmol, 6.5 mg) was added to a 
C6D5Br  solution  of  [Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2SMe)][MeB(C6F5)3]  (5.8),  resulting  in  an  orange 
colored solution. The corresponding neutral bromide species Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2SMe) (5.9) was readily formed.  
1H NMR (400 MHz, C6D5Br, d): 7.70-6.81 (H Ar), 1.96 (t, JHH = 4.3 Hz, SCHH, 
1H), 1.92 (s, IndCH3, 3H), 1.88 (s, IndCH3, 3H), 1.50 (m, CHCH3, 1H), 1.34 (s, 
SCH3, 3H), 1.27 (m, SCHH, 1H), 0.84 (s, SiCH3, 3H), 0.82 (s, SiCH3, 3H), 0.47 (d, 
JHH = 6.3 Hz, CHCH3, 3H), -0.75 (dd, JHH = 5.4 Hz, 13 Hz, ZrCHH, 1H), -1.06 (dd, 
JHH = 5.7 Hz,  13.7 Hz,  ZrCHH,  1H). 
13C{
1H}  NMR  (125.7 MHz,  C6D5Br,  d): 
140.48, 139.47, 138.48, 137.68, 135.30, 134.35, 130.01, 128.90, 128.77, 128.57, 
128.48, 128.29, 127.99, 127.68, 127.52, 127.00, 125.82, 125.20, 124.87, 124.78, 
123.91, 119.53, 114.82, 82.17 (SiC), 81.02 (SiC), 70.83 (ZrCH2), 48.26 (SCH2), 
35.47 (CHCH3), 21.93 (CHCH3), 18.64 (IndCH3), 18.52 (IndCH3), 15.46 (SCH3), 
2.25 (SiCH3), 2.19 (SiCH3). 
 
NMR  tube  reaction:  generation  of  [Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2SMe)][B(C6F5)4] (5.10) in C6D5Br. 
To a C6D5Br suspension of Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2 (5.5) (20 µmol, 
12 mg) and AMT (20 µmol, 2.2 µL), one equivalent of [HNMe2Ph][B(C6F5)4] (4.1) 
(20 µmol, 16 mg) was added. Immediately gas evolution (methane) was observed. Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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The  compound  [Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(CH2CHMeCH2SMe)][B(C6F5)4] 
(5.10) was formed quantitatively, together with free PhNMe2. For NMR data of the 
cationic fragment see above. 
 
NMR  tube  reaction:  generation  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2SMe) (5.9) in C6D5Br.  
In an NMR tube one equivalent of NBu4Br (20 µmol, 6.5 mg) was added to a 
C6D5Br  solution  of  [Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2SMe)][B(C6F5)4] (5.10), resulting in an orange colored 
solution. The 
1H  and 
13C NMR  spectra  confirmed  the  formation of the neutral 
species  Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(Br)(CH2CHMeCH2SMe)  (5.9)  (see 
above). 
 
NMR  tube  reaction:  generation  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2SMe) (5.9) in C6D6.  
To  a  C6D6  suspension  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2  (5.5)  (20 µmol, 
12 mg) and AMT (20 µmol, 2.2 µL), one equivalent of [Me2PhNH][B(C6F5)4] (4.1) 
(20 µmol, 16 mg) was added. Immediately gas evolution (methane) was observed 
and a dark orange oily precipitate was formed. To the NMR tube one equivalent of 
NBu4Br (20 µmol, 6.5 mg) was added, affording a dark yellow solution. Formation 
of the neutral bromide species 5.9 was observed.  
1H NMR (400 MHz, C6D6, d): 7.53-6.60 (H Ar), 2.12 (t, JHH = 4.3 Hz, SCHH, 1H), 
1.95 (s, IndCH3, 3H), 1.92 (s, IndCH3, 3H), 1.50 (m, CHCH3, 1H), 1.41 (s, SCH3, 
3H),  1.27 (m,  SCHH,  1H),  0.84 (s,  SiCH3,  3H), 0.82  (s,  SiCH3,  3H), 0.57 (d, 
JHH = 6.3 Hz, CHCH3, 3H), -0.56 (dd, JHH = 5.5 Hz, 12.9 Hz, ZrCHH, 1H), -0.96 
(dd, JHH = 5.7 Hz, 13.5 Hz, ZrCHH, 1H). 
13C{
1H} NMR (125.7 MHz, C6D6, d): 
13C{
1H}  NMR  (125.7 MHz,  C6D6,  d):  141.21,  139.87,  138.64,  137.54,  134.52, 
133.46, 132.32, 129.93, 128.76, 128.64, 128.49, 127.93, 127.64, 127.23, 126.95, 
126.58, 126.17, 125.65, 125.24, 121.18, 115.87, 115.16, 79.67 (SiC), 79.06 (SiC), 
68.62 (ZrCH2), 42.61 (SCH2), 37.83 (CHCH3), 21.20 (CHCH3), 16.92 (IndCH3), 
16.71 (IndCH3), 16.43 (SCH3), 1.90 (SiCH3), 1.87 (SiCH3). 
 
NMR  tube  reaction:  generation  of  [Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2CH2SMe)][B(C6F5)4] (5.11) in C6D5Br. 
To  a  C6D5Br  suspension  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2  (5.5,  60 µmol, 
35 mg)  and  3-butenyl  methyl  thioether  (60 µmol,  7.7 µL),  one  equivalent  of 
[Me2PhNH][B(C6F5)4] (4.1, 60 µmol, 31 mg) was added, yielding a red solution. 
The ionic species 5.11 was formed quantitatively. 
1H  NMR  (500 MHz,  C6D5Br,  d):  7.60-6.86  (H  Ar),  1.65,  1.60  (s,  IndCH3,  3H 
each), 1.35 (m, SCHH, 1H), 1.28 (m, SCHH, 1H), 1.16 (s, SCH3, 3H), 0.95, 0.92 
(s, SiCH3, 3H each), 0.57 (m, CHCH3, 1H), 0.46 (m, SCH2CHH, 1H), 0.19 (d, CHAPTER 5 
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JHH = 6.1 Hz, CHCH3, 3H), 0.14 (m, SCH2CHH, 1H), -0.39 (dd, JHH = 13.8 Hz, 
10.3 Hz,  ZrCHH,  1H),  -0.74  (d,  JHH = 3.8 Hz,  ZrCHH,  1H). 
13C{
1H}  NMR 
(125.7 MHz, C6D5Br, d): 140.04, 138.65, 138.54, 138.27, 137.83, 131.49, 129.64, 
129.11, 128.97, 128.92, 128.87, 128.46, 128.09, 127.95, 127.64, 127.16, 126.75, 
126.66, 125.61, 125.19, 122.98, 117.45, 116, 65, 112.45, 80.09 (SiC), 78.09 (SiC), 
71.82 (ZrCH2), 40.55 (SCH2), 32.56 (CHCH3), 30.94 (SCH2CH2), 25.47 (CHCH3), 
20.92 (SCH3), 18.57 (IndCH3), 17.10 (IndCH3), 1.61 (SiCH3), 1.59 (SiCH3).  
 
NMR  tube  reaction:  generation  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2CH2SMe) (5.12) in C6D5Br. 
In  an  NMR  tube,  a  C6D5Br  solution  of  [Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2CH2SMe)][B(C6F5)4]  (5.11),  generated  as  described 
above, was contacted with one equivalent of NBu4Br (60 µmol, 20 mg), resulting 
in an orange colored solution. The corresponding neutral bromide species 5.12 was 
readily formed.  
1H  NMR  (500  MHz,  C6D5Br,  d):  7.54  (t,  JHH = 8.2  Hz,  H  Ar,  3H),  7.27  (d, 
JHH = 8.2 Hz, H Ar, 1H), 7.22-6.87 (m, H Ar, overlapping with solvent), 1.85, 1.84 
(s,  IndCH3,  3H  each),  1.61  (m,  SCHH,  1H),  1.59  (s,  SCH3,  3H),  1.48  (dd, 
JHH = 4.7 Hz, 11.9 Hz, SCHH, 1H), 1.05 (overlapping with NBu4, SCH2CHH, 1H), 
1.03 (overlapping with NBu4, CHCH3, 1H), 0.79, 0.80 (s, SiCH3, 3H each), 0.38 
(m, SCH2CHH, 1H), 0.21 (d, JHH = 6.2 Hz, CHCH3, 3H), -0.54 (dd, JHH = 5.5 Hz, 
13.8 Hz,  ZrCHH,  1H),  -1.44  (dd,  JHH = 4.5 Hz,  13.9 Hz,  ZrCHH,  1H). 
13C{
1H} 
NMR (125.7 MHz, C6D5Br, d): 140.63, 139.54, 138.47, 137.62, 135.26, 134.42, 
130.03, 129.81, 128.59, 128.37, 128.20, 127.69, 127.37, 125.69, 125.52, 124.97, 
124.59, 123.84, 119.03, 119.00, 116.41, 115.03, 112.47, 81.34 (SiC), 80.99 (SiC), 
71.82 (ZrCH2), 39.18 (SCH2), 34.70 (CHCH3), 31.90 (SCH2CH2), 23.78 (CHCH3), 
18.71 (IndCH3), 18.63 (IndCH3), 15.12 (SCH3), 2.26 (SiCH3), 2.14 (SiCH3).  
 
NMR  tube  reaction:  generation  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2CH2SMe) (5.12) in C6D6. 
To  a  C6D6  suspension  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2  (5.5,  60 µmol, 
35 mg)  and  3-butenyl  methyl  thioether  (60 µmol,  7.7 µL),  one  equivalent  of 
[Me2PhNH][B(C6F5)4]  (4.1,  60 µmol,  31 mg)  was  added,  yielding  a  red  oily 
precipitate  accompanied by  evolution  of  methane. To  the  reaction  mixture was 
added one equivalent of NBu4Br (60 µmol, 20 mg), resulting in an orange colored 
solution. The corresponding neutral bromide species 5.12 was readily formed.  
1H NMR (500 MHz, C6D6, d): 7.50-5.59 (H, Ar), 1.90, 1.89 (s, IndCH3, 3H each), 
1.71 (m, SCHH, 1H), 1.65 (s, SCH3, 3H), 1.52 (br, SCHH, 1H), 1.23 (m, CHCH3, 
1H), 1.18 (overlapping with NBu4, SCH2CHH, 1H), 0.77, 0.75 (s, SiCH3, 3H each), 
0.45  (m,  SCH2CHH,  1H),  0.25  (d,  JHH = 6.2 Hz,  CHCH3,  3H),  -0.44  (dd, 
JHH = 5.5 Hz, 13.5 Hz, ZrCHH, 1H), -1.21 (dd, JHH = 4.7 Hz, 14 Hz, ZrCHH, 1H). Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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13C{
1H}  NMR  (125.7 MHz,  C6D6,  d):  140.84,  139.51,  138.77,  137.78,  137.62, 
135.49, 131.72, 128.85, 128.70, 128.51, 128.39, 128.30, 127.65, 127.55, 126.55, 
125.85, 124.67, 123.13, 118.45, 118.47, 116.13, 82.13 (SiC), 81.89 (SiC), 72.78 
(ZrCH2),  38.4  (SCH2),  31.6  (CHCH3),  27.9  (SCH2CH2),  20.9  (CHCH3),  17.6 
(IndCH3), 17.5 (IndCH3), 13.6 (SCH3), 2.25 (SiCH3), 2.18 (SiCH3). 
 
 
NMR  scale  reaction:  formation  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(CH3)Br 
(5.7) in C6D6.  
A C6D6 suspension of Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2 (5.5, 35 µmol, 20 mg) 
was treated with one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 35 µmol, 28 mg), 
resulting  in  the  formation  of  an  oily  precipitate.  One  equivalent  of  NBu4Br 
(35 µmol, 6.4 mg) was added to the NMR tube and compound 5.7 was formed 
quantitatively.  
1H NMR (400 MHz, C6D6, d): 7.77-6.36 (m, H Ar), 2.05 (s, IndCH3, 3H), 2.01 (s, 
IndCH3,  3H),  0.99  (s,  SiCH3,  3H),  0.97  (s,  SiCH3,  3H),  -0.42  (s,  ZrCH3,  3H). 
13C{
1H}  NMR  (125.7 MHz,  C6D6,  d):  140.34,  139.71,  138.51,  138.35,  134.93, 
134.33, 129.02, 128.87, 128.44, 128.00, 127.55, 127.44, 127.26, 125.53, 125.48, 
125.22, 125.01, 124.72, 123.80, 118.81, 79.38 (SiC), 78.86 (SiC), 39.52 (ZrCH3), 
19.42 (IndCH3), 19.61 (IndCH3), 2.12 (SiCH3), 2.01 (SiCH3). 
 
Immobilization  of  Cp
*
2Zr(CH2CHMeCH2CH2SMe)
+  using  support  2.11  and 
subsequent release in solution of Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe) (5.2) in 
C6D5Br.  
Supported  borate  SiO2/TIBA/[Et3NH][HOC6H4B(C6F5)3]  (2.11,  30 mg,  bearing 
7  mol of [Et3NH][HOC6H4B(C6F5)3]) was contacted with a C6D5Br solution of 
Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg) and BMT (7 µmol, 1 µL). Cp2Fe (21  mol, 4 mg) 
was  added  as  internal  standard.  Immediately  the  support  turned  deep  orange, 
indicative for the formation and immobilization on the silica of the cationic trapped 
species [Cp
*
2Zr(CH2CHMeCH2CH2SMe)]
+. After 4 hours all the Cp
*
2ZrMe2 and 
one equivalent per Zr of 3-butenyl methyl thioether had been consumed. An excess 
of [(n-C4H9)4N]Br (28  mol, 9 mg) was added to the NMR tube. Immediately a 
discoloration of the support to yellow was observed. Quantitative recovery of the 
metallocene  in  solution  as  Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe)  (5.2)  was 
observed.  
 
Immobilization of Cp
*
2Zr(CH2CHMeCH2CH2SMe)
+ and subsequent release in 
solution of Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe) (5.2) in C6D5Br with 4.3.  
Supported borate SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3, 30 mg, bearing 
7  mol of [Me2PhNH][HOC6H4B(C6F5)3]) was contacted with a C6D5Br solution of 
Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg) and BMT (7 µmol, 1 µL). Cp2Fe (21  mol, 4 mg) 
was added as internal standard. After 5 hours all the Cp
*
2ZrMe2  (3.1) and one CHAPTER 5 
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equivalent per Zr of 3-butenyl methyl thioether had been consumed. An excess of 
[(n-C4H9)4N]Br  (28  mol,  9 mg)  was  added  to  the  NMR  tube.  Immediately  a 
discoloration of the support to yellow was observed. Quantitative recovery of the 
metallocene  in  solution  as  Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe)  (5.2)  was 
observed.  
 
Immobilization of Cp
*
2Zr(CH2CHMeCH2CH2SMe)
+ and subsequent release in 
solution of Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe) (5.2) in C6D6 with 2.11.  
Supported  borate  SiO2/TIBA/[Et3NH][HOC6H4B(C6F5)3]  (2.11,  30 mg,  bearing 
7  mol of [Et3NH][HOC6H4B(C6F5)3]) was contacted with a C6D5Br solution of 
Cp
*
2ZrMe2 (3.1, 7  mol, 3 mg) and BMT (7 µmol, 1 µL). Cp2Fe (21  mol, 4 mg) 
was added as internal standard. Immediately the support turned red, indicative for 
the  formation  and  immobilization  on  the  silica  of  the  cationic  trapped  species 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)]
+.  After  4  hours  all  the  Cp
*
2ZrMe2  and  1 
equivalent per Zr of 3-butenyl methyl thioether had been consumed. An excess of 
[(n-C4H9)4N]Br  (28  mol,  9 mg)  was  added  to  the  NMR  tube.  Immediately  a 
discoloration of the support to orange was observed with quantitative recovery of 
the metallocene in solution as Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe) (5.2). 
1H NMR (500 MHz, C6D6, d): 2.55 (m, SCHH, 1H), 2.38 (m, SCHH, 1H), 2.1 (m, 
SCH2CHH, 1H), 2 (s, SCH3, 3H), 1.84, 1.83 (s, Cp
*, each 15H), 1.31 (m, CHCH3, 
1H),  1.05  (d,  JHH = 6.2 Hz,  CHCH3,  3H),  0.97  (m,  SCH2CHH,  1H),  0.31  (dd, 
JHH = 6.3 Hz, 12.9 Hz, ZrCHH, 1H), 0.11 (dd, JHH = 5.5 Hz, 12.9 Hz, ZrCHH, 1H).  
 
Immobilization of Cp
*
2Zr(CH2CHMeCH2CH2SMe)
+ and subsequent release in 
solution of Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe) (5.2) in C6D6 with 4.3.  
Supported borate SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3, 30 mg, bearing 
7  mol  of  [Me2PhNH][HOC6H4B(C6F5)3])  was  contacted  with  Cp
*
2ZrMe2  (3.1, 
7  mol,  3 mg)  and  BMT  (7 µmol,  1 µL)  in  C6D6.  Cp2Fe  (21  mol,  4 mg)  was 
added as internal standard. Immediately the support turned red, indicative for the 
formation  and  immobilization  on  the  silica  of  the  cationic  trapped  species 
[Cp
*
2Zr(CH2CHMeCH2CH2SMe)]
+.  After  4  hours  all  the  Cp
*
2ZrMe2  and  one 
equivalent per Zr of 3-butenyl methyl thioether had been consumed. An excess of 
[(n-C4H9)4N]Br  (28  mol,  9 mg)  was  added  to  the  NMR  tube.  Immediately  a 
discoloration  of  the  support  to  orange  was  observed.  The 
1H  NMR  spectrum 
showed quantitative formation of Cp
*
2Zr(Br)(CH2CHMeCH2CH2SMe) (5.2).  
 
 
 
 
 Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
  157 
Immobilization  of  Me2Si[rac-((2-Me-5-Ph)Ind)2]Zr(CH2CHMeCH2CH2SMe) 
and  subsequent  release  in  solution  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2CH2SMe)  (5.12)  in  C6D5Br  (NMR 
experiment).  
Supported borate SiO2/TIBA/[Me2PhNH][HO(C6H4)B(C6F5)3] (4.3, 30 mg, bearing 
7  mol of [PhMe2NH][HO(C6H4)B(C6F5)3]) was contacted with a C6D5Br solution 
of Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2 (5.5, 60 µmol, 35 mg) (7  mol, 4 mg), an 
excess of 3-butenyl methyl thioether (14  mol, 1.9  l) and Cp2Fe (9  mol, 2 mg) as 
internal standard. Immediately the support turned red, indicative for the formation 
and immobilization on the silica of the cationic trapped species {Me2Si[rac-((2-
Me-4-Ph)Ind)2]Zr(CH2CHMeCH2CH2SMe)}
+.  After  4  hours  all  5.5  and  one 
equivalent per Zr of 3-butenyl methyl thioether had been consumed. An excess of 
[(n-C4H9)4N]Br  (28  mol,  9 mg)  was  added  to  the  NMR  tube,  resulting  in  a 
discoloration of the support to orange. The metallocene was recovered in solution 
as the neutral Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(Br)(CH2CHMeCH2CH2SMe) (5.12) 
quantitatively. 
 
Immobilization  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]Zr(CH2CHMeCH2CH2SMe) 
and  subsequent  release  in  solution  of  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2CH2SMe) (5.12) in C6D6 (NMR experiment).  
Supported borate SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3, 30 mg, bearing 
7  mol of [Me2PhNH][HOC6H4B(C6F5)3]) was contacted with Me2Si[rac-((2-Me-
4-Ph)Ind)2]ZrMe2 (5.5, 60 µmol, 35 mg) (7  mol, 4 mg), an excess of 3-butenyl 
methyl thioether (14  mol, 1.9  l) and Cp2Fe (9  mol, 2 mg) as internal standard in 
C6D6.  Immediately  the  support  turned  red,  indicative  for  the  formation  and 
immobilization on the silica of the cationic trapped species {Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(CH2CHMeCH2CH2SMe)}
+. After 4 hours all the starting Zr neutral 
compound  and  one  equivalent  per  Zr  of  3-butenyl  methyl  thioether  had  been 
consumed. Addition of an excess of [(n-C4H9)4N]Br (28  mol, 9 mg) resulted in a 
discoloration of the support to orange was observed and quantitative release in 
solution  of  the  neutral  species  Me2Si[rac-((2-Me-4-
Ph)Ind)2]Zr(Br)(CH2CHMeCH2CH2SMe) (5.12). 
 
Immobilization  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2  (5.5)  and  subsequent 
release in solution of Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe(Br) (5.7) in C6D5Br 
(NMR experiment).  
Supported borate SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] (4.3, 30 mg, bearing 
7  mol of [Me2PhNH][HOC6H4B(C6F5)3]) was contacted with a C6D5Br solution of 
Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2 (5.5, 60 µmol, 35 mg) (7  mol, 4 mg) in the 
presence of Cp2Fe (9  mol, 2 mg) as internal standard. Immediately the support 
turned red, indicative for the formation and immobilization on the silica of the CHAPTER 5 
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cationic species {Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe}
+. After 5 hours, at which 
point all the starting Zr neutral compound had been consumed, an excess of [(n-
C4H9)4N]Br (28  mol, 9 mg) was added to the NMR tube. The neutral Me2Si[rac-
((2-Me-4-Ph)Ind)2]ZrMe(Br) (5.7) was released in solution. 
 
Immobilization of Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe and subsequent release 
in  solution  of  Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe(Br)  (5.7)  in  C6D6  (NMR 
experiment).  
Supported  borate  Si/TIBA/[Me2PhNH][HO(C6H4B(C6F5)3]  (4.3,  30 mg,  bearing 
7  mol of [Me2PhNH][HOC6H4B(C6F5)3]) was suspended in C6D6 and contacted 
with Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe2 (5.5, 60 µmol, 35 mg) (7  mol, 4 mg) in 
the presence of Cp2Fe (9  mol, 2 mg) as internal standard. Immediately the support 
turned red, indicative for the formation and immobilization on the silica of the 
cationic species {Me2Si[rac-((2-Me-4-Ph)Ind)2]ZrMe}
+. After 5 hours, at which 
point all the starting Zr neutral compound had been consumed, an excess of [(n-
C4H9)4N]Br (28  mol, 9 mg) was added to the NMR tube. The neutral Me2Si[rac-
((2-Me-4-Ph)Ind)2]ZrMe(Br) (5.7) was formed.  
 
General considerations, polymerization experiments. 
Toluene  (Aldrich  anhydrous,  99.5%)  was  passed  over  supported  Cu  scavenger 
(BASF  R3-11)  and  a  1:1  mixture  of  alumina  (granules,  2-5  mm,  Fluka)  and 
molecular sieves and stored under nitrogen in a vessel directly connected to the 
reactor. Ethene (AGA, Polymer Grade) was passed over a column of supported Cu 
scavenger (BASF R3-11) and molecular sieves before being injected in the reactor. 
GPC was performed at 135°C on 1,2,4-trichlorobenzene solutions of the polymer 
with a Polymer Laboratories PL-GPC210 instrument. 
 
Ethene polymerization with homogeneous catalyst systems. 
Polymerization experiments were carried out in a thermostated 1L stainless steel 
autoclave, equipped with solvent and catalyst injection systems. The autoclave was 
dried in vacuum at 120°C before use. After cooling to the desired temperature, 
200 mL of toluene were injected. Ethene (5 bar) was introduced in the reactor, 
followed by injection of 0.2 mL of a 0.1 M TIBA/toluene solution. The borate 
cocatalyst  was  injected  into  the  reactor  as  a  toluene  solution  (10 mL).  The 
polymerization was initiated by injection of the precatalyst in 5 mL of toluene. For 
polymerization experiments with the trapped cations, activation of the precatalyst 
was done in the presence of the appropriate thioether-functionalized olefin prior to 
injection into the reactor. The activated catalyst was then injected in the reactor as 
a toluene solution (15 mL). The total amount of toluene in the reactor was 250 mL. 
After  the  polymerization  run,  the  reactor  was  vented  and  opened  to  air.  The Stabilization of active Zr alkyl polymerization catalysts via intramolecular thioether coordination 
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polymer  was  collected  on  a  frit,  washed  repeatedly  with  ethanol  and  dried  in 
vacuum at 70°C for several hours. 
 
Ethene polymerization with supported catalyst systems. 
Polymerization experiments were carried out in a thermostated 1L stainless steel 
autoclave, equipped with solvent and catalyst injection systems. The autoclave was 
dried in vacuum at 120°C before use. After cooling to the desired temperature, 
200 mL of toluene were injected. Ethene (5 bar) was introduced in the reactor, 
followed  by  injection  of  0.1 mL  of  a  0.1 M  TIBA/toluene  solution.  The 
silica-supported activator was precontacted with a toluene solution containing the 
precatalyst and the trap (where appropriate) for 4 hours and then injected into the 
reactor  under  nitrogen  pressure  as  a  toluene  suspension  (6 mL).  After  the 
polymerization,  the  reactor  was  vented  and  opened  to  air.  The  polymer  was 
collected on a frit and rinsed repeatedly with ethanol and dried at 70°C in vacuum 
for several hours.  
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Chapter 6 
Immobilization of non-
metallocene single-center 
catalysts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The  method  described  in  the  previous  chapters  to  generate  and  quantify  well-
defined catalytically active species was extended to two types of half-sandwich 
titanium  complexes,  illustrating  the  versatility  of  our  approach.  Quantitative 
generation and immobilization of the cationic cyclopentadienyl titanium species 
{[C5H4CMe2(3,5-Me2C6H3)]TiMe2}
+  and  {Cp[(2,6-
iPr2C6H4)2(CHN)2C=N]Ti(CH2CH(Me)CH2CH2SMe)}
+,  followed  by  their 
desorption  by  conversion  into  the  corresponding  soluble  neutral  species  by 
addition of NBu4Br, enabled the determination of the concentration of activated 
supported species. 
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6.1   Introduction 
 
Group 4 metallocene complexes of the type Cp’2MR2 (M=Zr, Hf, Ti; R=alkyl, 
Cp’= substituted η
5 cyclopentadienyl) have been extensively used as homogeneous 
Ziegler-Natta catalysts for olefin polymerization.
1 The isolation of metallocenium 
species  ([Cp’2MR]
+)
2  and  their  use  in  olefin  polymerization  have  led  to  the 
acceptance  of  electron-deficient  cationic  metal-alkyl  complexes  as  the  active 
species  in  these  olefin  polymerization  catalyst  systems.  These  findings  have 
stimulated the design of new, non-metallocene single-center olefin polymerization 
catalysts. However, effective immobilization of those single-center catalysts on a 
solid support is an essential prerequisite for their implementation in the industrial 
production of (especially crystalline) polyolefins.  
In the previous chapters, a novel approach for the generation of well-defined and 
(sufficiently)  stable  silica-supported  zirconium  metallocene  catalysts  has  been 
described. This method is essentially based on the activation of a catalyst precursor 
on  a  well-defined  silica-supported  boron-based  activator  in  the  presence  of  an 
olefinic trap MeS(CH2)nCHCH2 (n=1,2) to selectively capture catalytically active 
species.  Subsequent  addition  of  a  suitable  nucleophile  (e.g.  NBu4Br)  in  the 
presence of an internal standard (e.g. ferrocene) allows for quantification of the 
immobilized  activated  species  using  ordinary  NMR  spectroscopic  techniques. 
Additionally,  it  has  been  shown  (see  Chapter  5)  that  activation  of  the  catalyst 
precursor  in  the  presence  of  3-butenyl  methyl  thioether  (BMT)  results  in  the 
quantitative  formation  of a  6-membered  chelate species  which  is  able  to insert 
ethene and initiate polymerization at slightly elevated temperatures (80°C).  
Thus far, our studies involved only Cp
*
2ZrMe2, chosen as a model system and 
the  ansa-C2  symmetric  zirconium  complex  [Me2Si(2-Me-4-PhInd)2]ZrMe2.  In 
order to illustrate the versatility of our approach, here we describe the generation 
and quantification of well-defined cationic species, both in solution and on silica 
support,  derived  from  two  mono(cyclopentadienyl)  titanium  alkyl  complexes: 
[C5H4CMe2(3,5-Me2C6H3)]TiMe3 (6.1) and Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 
(6.4) (Figure 6.1). The former is a precursor to a selective ethene trimerization 
catalyst, the latter a precursor to an ethene polymerization catalyst. 
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Figure  6.1  Ti-based  trimerization  catalyst  precursor  6.1  and  Ti-based 
polymerization catalyst precursor 6.4 
 
6.2   Activation  and  immobilization  of 
(C5H4CMe2Ar)TiMe3 using boron-based cocatalysts 
 
Monocyclopentadienyl  (half-sandwich)  titanium  alkyl  complexes  used  in 
combination with MAO
3 or other cocatalysts
4,5 are mainly known as precatalysts 
for the polymerization of styrene to syndiotactic polystyrene (s-PS), although they 
also show interesting behavior in the polymerization of other olefins.
6,7,4e,4f In 2001 
our  group  reported  that  titanium  mono(cyclopentadienyl)  complexes  can  be 
switched from ethylene polymerization to selective ethylene trimerization catalysts 
by  introducing  a  pendant  arene  moiety  on  the  cyclopentadienyl  ring.
8  The 
hemilabile  ancillary  ligand  in  the  cations  [(η
5:η
6-C5H4R-Ar)TiMe2]
+  (R=CMe2, 
SiMe2;  Ar=Ph,  3,5-Me2C6H3)  was  found  to  decisively  influence  the  product 
composition  as  well  as  the  catalyst’s  activity.
8  A  step  forward  in  the 
implementation of this class of catalysts for gas-phase operation would be their 
immobilization on a solid support, leading to the formation of well-defined and 
quantifiable systems.  
The catalyst precursor used in this study [C5H4CMe2(3,5-Me2C6H3)]TiMe3 (6.1) 
was prepared according to known procedures
9 by reaction of 6,6-dimethylfulvene 
with Li[C5H4CMe2Ar] (Ar= 3,5-dimethylphenyl), followed by reaction with TiCl4 
to  yield  [C5H4CMe2(3,5-Me2C6H3)]TiCl3.  The  trichloride  complex  was  then 
methylated using MeMgCl to give the trimethyl derivative 6.1. Treatment of the 
neutral  precursor  6.1  with  an  equimolar  amount  of  the  Brønsted  acid 
[Me2PhNH][B(C6F5)4] (4.1) in bromobenzene yields a dark orange solution of the 
ionic  compound  [{C5H4CMe2(3,5-Me2C6H3)}TiMe2][B(C6F5)4]  (6.2)  with 
concomitant release of one equivalent of Me2NPh (Scheme 6.1).   
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Scheme 6.1 
 
In the 
1H NMR spectrum of 6.2 the interaction of the pendant arene on the 
cyclopentadienyl group with the metal center is indicated by the increase in the 
chemical  shift  difference  between  the  two  CH  resonances  of  the  Cp  ligand 
( δ = 0.08 ppm for 6.1,  δ = 1.46 ppm for 6.2). 
1H and 
13C NMR data of 6.1 and 
the cationic part of 6.2 are in agreement with those reported by Deckers et al.
9a 
Treatment  of  6.2  with  one  equivalent  of  [N(n-C4H9)4]Br  resulted  in  a  color 
change  of  the  solution  to  dark  yellow,  affording  the  neutral  titanium  complex 
[C5H4CMe2(3,5-Me2C6H3)]TiMe2Br (6.3) quantitatively (Scheme 6.2).  
 
 
Scheme 6.2 
 
The 
1H NMR spectrum of 6.3 shows three singlets at δ 1.41 ppm, δ 1.49 ppm 
and δ 2.19 ppm for, respectively, the Ti-Me groups, the CMe2 of the bridging unit 
and the methyl substituents of the arene moiety. The decrease of the chemical shift 
difference between the Cp resonances for 6.3 ( δ = 0.05 ppm) indicates that the 
arene moiety on the cyclopentadienyl ring is not interacting with the metal center 
in the presence of Br
-, providing further evidence for the formation of a neutral 
titanium  species.  The  corresponding  carbon  shifts  of  the  CH  of  the 
cyclopentadienyl ligand are observed at δ 115.9 ppm and δ 111.2 ppm.  
For  this  specific  catalyst  system,  no  attempt  at  generating  the  corresponding 
chelate complex by reaction of 6.2 with the olefinic substrate MeS(CH2)2CHCH2 
was made. Based on computational
10 and experimental
11 work, it appears that the 
reversible coordination of the arene moiety to the metal center already imparts Immobilization of non-metallocene single-center catalysts 
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sufficient  thermal  stability  for  the  cation  and  is  essential  in  the  trimerization 
process as it diverts the catalyst to the Ti(II)/Ti(IV) redox cycle (Scheme 6.3).  
 
 
Scheme 6.3 
 
Formation of a chelate species upon addition of the olefinic trap could impede 
such coordination, potentially resulting in an ethene polymerization catalyst rather 
than a selective trimerization catalyst system.  
According  to  a  similar  procedure  as  described  above,  immobilization  of  the 
catalyst  precursor  6.1  using  the  supported  borate  activator 
SiO2/TIBA/[HNMe2Ph][HOC6H4B(C6F5)3] (4.3) (prepared as described in Chapter 
4) was investigated. In an NMR tube a sample of the supported cocatalyst 4.3 was 
contacted with a bromobenzene solution of the catalyst precursor 6.1 using a 1:1 
ratio B:Ti in the presence of ferrocene as internal standard. Immediately, the silica 
took  a  dark  red  color,  giving  indication  of  activation  and  concomitant 
immobilization of 6.1. The reaction was monitored by 
1H NMR over a period of 4 
hours (Table 6.1). 
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Table  6.1  Immobilization  of  6.1  on  SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] 
(4.3). 
t  6.1 in solution 
 mol (%) 
PhNMe2 in solution 
 mol (%) 
0.5h  2.1 (30%)  4.9 (70%) 
1h  1.75 (25%)  5.2 (75%) 
2h  0.84 (12%)  6.2 (88%) 
4h  0 (0%)  7 (100%) 
t= contact time between silica and 6.1; 6.1= [C5H4CMe2(3,5-Me2C6H3)]TiMe3; 7  mol of 
6.1 were used; ratio borate : 6.1 is 1:1.  
 
Within 0.5 hours at room temperature, the 
1H NMR spectrum shows a rapid 
decrease  in  the  concentration  of  6.1  in  solution, accompanied  by  an equimolar 
release of methane and free PhNMe2. At this point, approximately 70% of 6.1 had 
reacted with the support 4.3. Subsequently a slower decrease in the concentration 
of 6.1 in solution was observed. Within four hours, all of 6.1 had disappeared from 
solution, accompanied by quantitative release of PhNMe2 into solution. Addition of 
[(n-C4H9)4N]Br  to  the  silica  support  resulted  in  the  quantitative  release  into 
solution  of  neutral  compound  6.3  as  confirmed  by 
1H  NMR  spectroscopy.  A 
discoloration of the support from dark red to dark yellow was observed.  
Based on these preliminary results, it appears that our silica supported borate 
activator 4.3 is suitable for the immobilization of the titanium trimerization catalyst 
6.2,  showing  quantitative  formation  of  the  cation  [{C5H4CMe2(3,5-
Me2C6H3)}TiMe2]
+ on the support. Thus, this catalyst system could be potentially 
used for the trimerization of ethene to 1-hexene. Nevertheless, it was previously 
reported  that  6.1,  when  reacted  with  a  MgCl2  support,  does  not  retain  its 
trimerization  properties,  but  it  is  transformed  into  an  ethene  polymerization 
catalyst.
12 Although the exact nature of the active species in this system was not 
investigated, this behavior was attributed to an influence of the support on the 
coordination  of  the  pendant  aryl  ring  to  the  metal  center,  essential  in  the 
trimerization process. In the present case, to determine whether the immobilization 
of 6.1 on our silica support 4.3 would result in a selective trimerization catalyst 
system, catalytic ethene conversion experiments would be required. At this stage, 
these have not yet been performed.  
 
6.3   Activation  and  immobilization  of  the  Ti  catalyst 
precursor Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 
 
Since the development of efficient group 4 metallocene olefin polymerization 
catalysts  in  the  1980-1990’s,
13  the  design  of  new  single-center  polymerization 
catalysts  has  increasingly  turned  to  non-metallocene  systems. Immobilization of non-metallocene single-center catalysts 
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Monocyclopentadienyl titanium alkyl complexes of the type CpTiX2(L) containing 
an  additional  monoanionic  π-donor  ancillary  ligand  (L)  represent  an  important 
class of catalysts for homo- and copolymerization of olefins.
14 Typical π-donor 
ancillary  ligands  include  substituted  aryloxides  2,6-R2C6H3O
-,
15  ketimides 
R2C=N
-,
16 phosphinimides R3P=N
-,
17 and guanidinates (R2N)2C=N
18 (Figure 6.2), 
which can be regarded as monodentate analogues to cyclopentadienyls due to their 
capability to act as 2σ,4π electron donors. Guanidinate derivatives are especially 
effective  due  to  the  improved  π-donor  capability  through  the  availability  of  a 
zwitterionic resonance structure, increasing the negative charge on the nitrogen 
atom.  Kretschmer  et  al.
18  found  that  employing  more  sterically  protected 
guanidinates  as  ancillary  ligands,  e.g.  1,3-bis(xylyl)iminoimidazolidinate ligand, 
improved  catalyst  stability  and  productivity  when  compared  to  the  successful 
tris(tert-butyl)phosphinimide ancillary ligand.  
 
Figure 6.2 Half-sandwich titanium complexes CpTiCl2(L). 
 
Due to their striking similarity to electron-rich organophosphanes PR3 in terms of 
ligand properties,
19 N-heterocyclic carbenes of the imidazolin-2-ylidene type have 
become  of  interest.  It  has  been  observed  that  replacement  of  phosphane  by 
N-heterocyclic  carbene  ligands  resulted  in  transition  metal  complexes  with 
improved stability and enhanced catalytic activity.
19,20 Similarly, substitution of the 
R3P with an imidazolin-2-ylidene moiety in phosphoraneimides affords imidazolin-
2-imines of type I which can be described by two limiting mesomeric structures IA 
and IB (Figure 6.3).  
 
 
Figure 6.3 Mesomeric structures IA and IB. 
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The ability of the imidazolium ring to stabilize a positive charge more effectively 
than a phosphonium group should increase the negative charge on the nitrogen 
atom, resulting in highly basic ligands with a strong electron donating capacity. 
Thus,  imidazolin-2-iminato  ligands  have  been  successfully  applied  as  efficient 
ancillary ligands to generate transition-metal complexes with enhanced stability 
and catalytic activity.
21,22 Typical synthetic methodologies include reaction of the 
transition  metal  precursor  with  the  corresponding  2-
(trimethylsilylimino)imidazoline LSiMe3,
22a lithium imidazolin-2-imides LiL,
22d,e,g 
or imidazolin-2-imine HL
22f (L= imidazolin-2-imide). 
In our group the ligand 1,3-[(2,6-iPr2C6H3)2(CHN)2C=NH] (L3) was synthesized 
(Scheme 6.4) and successfully used to prepare the corresponding half-sandwich 
titanium complex Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) (Figure 6.1).
22a  
Reaction  of  1,3-(bis(2,6-diisopropylphenyl)imidazol-2-ylidene  (L1)  (generated 
in situ from the corresponding imidazolium chloride according to the procedure 
reported  by  Arduengo
23)  with  p-toluenesulfonyl  azide  afforded  1-tosyl-3-(1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene)triazene (L2) in high yields (86%).
24 
Reduction of the triazene L2 with LiAlH4 in THF followed by aqueous workup and 
purification from toluene afforded L3 in 77% yield (Scheme 6.4).  
 
 
Scheme 6.4 
 
Reaction  of  L3  with  one  equivalent  of  CpTiMe3  in  toluene  followed  by 
crystallization  from  pentane  resulted  in  the  formation  of  the  titanium  complex 
Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4) (Scheme 6.5).
25 
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Scheme 6.5 
 
In the 
1H NMR spectrum the cyclopentadienyl protons and the methyne protons 
of  the  backbone  give  sharp  singlets  at  δ  5.72  ppm  and  δ  5.89  ppm.  The 
corresponding 
13C NMR resonances are found, respectively, at δ 110.8 ppm and 
δ 114.1 ppm. The four isopropyl groups R give one multiplet at δ 3.10 ppm for the 
methyne protons and two doublets at δ 1.35 + 1.18 ppm for the protons of the 
methyl substituents. These data suggest that rotation around the Ti-N bond and 
rotation  around  the  two  C-N  bonds  is  fast  on  NMR  timescale.  The 
13C  NMR 
chemical  shifts  of  the  CH  and  CH3  groups  of  the  isopropyl  substituents  are 
observed, respectively, at δ 29.0 ppm and δ 24.4 + 23.3 ppm.  
Activation  of  a  bromobenzene  solution  of  6.4  with  one  equivalent  of 
[Me2PhNH][B(C6F5)4] resulted in the quantitative formation of the ionic species 
[Cp{(2,6-iPr2C6H3)2(CHN)2C=N}TiMe(Me2NPh)][B(C6F5)4] (6.5) as a red solution 
(Scheme 6.6).  
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Scheme 6.6 
 
The 
1H  NMR  spectrum  shows  two  distinct  methyl  resonances  for  the  N,N-
dimethylaniline  coproduct  (δ 2.09 + 1.99 ppm)  indicating  coordination  of  N,N-
dimethylaniline  to  the  cationic  titanium  center.  As  a  consequence,  the  four 
isopropyl groups R are magnetically inequivalent, suggesting that the rotation of 
the 2,6-diisopropyl phenyl groups around the two C-N bonds is slow on NMR 
timescale. Four doublets for the isopropyl methyl protons (δ 1.31 ppm, δ 1.19 ppm, 
δ 1.10 ppm, δ 1.05 ppm, each 6H) and two multiplets for the methine protons in a 
1:1 ratio (δ 2.88 + 2.86 ppm, each 2H) are observed. The Cp and NCH resonances CHAPTER 6 
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are found, respectively, at δ 5.09 ppm and δ 6.39 ppm. The equivalency of the 
backbone protons (NCH) implies that rotation around the Ti-N bond should be fast 
on the NMR timescale. The Ti-Me group is shifted downfield at δ 0.83 ppm when 
compared to the neutral complex 6.4 (δ -0.03 ppm).  
As  previously  reported  for  the  zirconium  complexes  Cp
*
2ZrMe2  (3.1)  and 
[Me2Si(2-Me-4-PhInd)2]ZrMe2 (5.5), activation with ammonium borate salts in the 
presence of 3-butenyl methyl thioether (BMT) resulted in the formation of a 6-
membered chelate compound, which is stabilized by intramolecular coordination of 
the  thioether  moiety  and  is  still  sufficiently  reactive  towards  ethene  at  slightly 
elevated  temperatures  (see  Chapter  5).  This,  followed  by  addition  of 
[(n-C4H9)4N]Br  (see  previous  chapters)  allowed  us  to  obtain  well-defined 
supported catalyst species and determine their concentration on the support. The 
generation  of  analogous  monocyclopentadienyl  titanium  complexes  will  be 
evaluated  to  extend  the  applicability  of  our  approach  to  different  supported 
organometallic catalysts.  
In an NMR tube, reaction of 6.4 with one equivalent of [Me2PhNH][B(C6F5)4] 
(4.1) in the presence of BMT afforded a clear red solution (Scheme 6.7).  
 
 
Scheme 6.7 
 
NMR spectroscopy analysis of the reaction mixture (
13C, 
1H and 
19F) indicated 
quantitative  formation  of  the  ionic  compound  [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}Ti(CH2CH(Me)CH2CH2SMe)][B(C6F5)4]  (6.6)  which 
derives from insertion of the functionalized olefin BMT into the Ti-Me bond of the 
cation  [Cp{(2,6-iPr2C6H3)2(CHN)2C=N}TiMe]
+  followed  by  intramolecular 
coordination of the sulfur atom to the titanium center. In the 
1H NMR spectrum of 
6.6 the diastereotopic protons of the 6-membered ring are found at δ 2.29 + 2.04 
ppm (SCH2), δ 0.23+1.48 ppm (CHCH2) (the latter signal was located using a 
1H-
1H gCOSY NMR experiment) and at δ -1.10 + 1.96 ppm (Ti-CH2). The isopropyl 
substituents give four doublets for the methyl protons (δ 1.20 ppm, 1.12 ppm, 1.08 
ppm, 0.97 ppm) and two multiplets for the methine protons (δ 2.69 + 2.74 ppm). 
This  indicates  that  the  rotation  around  the  C-N  bond  of  2,6-dimethylphenyl 
substituents  is  hindered  on  NMR  timescale  at  room  temperature.  The 
corresponding carbon resonances are found at δ 28.8 + 28.6 ppm (CH) and δ 24.5, Immobilization of non-metallocene single-center catalysts 
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24.2, 22.5, 21.7 ppm (CH3). The cyclopentadienyl and the NCH resonances are 
found  at  δ  5.54  ppm  and  δ  6.40  ppm,  respectively.  The  equivalency  of  the 
backbone protons suggests fast rotation around the Ti-N bond on NMR timescale at 
room temperature. The 
19F NMR spectrum shows three signals at δ -132.4 ppm (o-
F), δ -163.5 ppm (p-F) and δ -167.3 ppm (m-F) typical for the perfluorinated borate 
anion [B(C6F5)4]
-. 
Reaction  of  a  bromobenzene  solution  of  6.6  with  one  equivalent  of  NBu4Br 
afforded  the  neutral  compound  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiBr(CH2CH(Me)CH2CH2SMe) (6.7) as an orange solution 
(Scheme 6.8).  
 
Scheme 6.8 
 
In  the 
1H  NMR  spectrum  the  Ti-CH2  diastereotopic  protons  are  observed  at 
δ 0.62 + 0.76 ppm. The corresponding carbon resonance is found at δ 79.6 ppm. 
The  remaining  diastereotopic  methylene  protons  of  the  thioether  moiety  are 
observed at δ 2.36 + 2.21 ppm (SCH2) and 1.10 + 0.95 ppm (SCH2CH2). 
1H NMR 
in  combination  with 
1H-
1H  COSY  NMR  experiment  gives  evidence  of 
magnetically  inequivalent  isopropyl  groups.  Four  doublets  at  δ 
1.24 + 1.35 + 1.40 + 1.48  ppm  and  two  multiplets  at  δ  3.10 + 2.99  ppm  are 
observed, respectively, for the methyl and methine protons of the isopropyl groups. 
The corresponding carbon resonances appear at δ 24.6 + 24.3 + 23.2 + 23.0 ppm 
(CHCH3) and δ 28.7 + 28.6 ppm (CHCH3). These NMR data suggest fast rotation 
around the Ti-N and slow rotation around the C-N bonds on NMR timescale. 
Quantitative insertion of BMT into the Ti-Me to form 6.6 and its subsequent 
transformation into 6.7 by reaction with [ (n-C4H9)4N]Br offers the possibility to 
generate and quantify well-defined silica-supported catalyst species.  
An  NMR  tube  was  charged  with  the  supported  borate 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3]  (prepared  as  described  in  Chapter  4) 
and contacted with a bromobenzene solution of 6.4 and BMT (Ti : BMT ratio 1:2) 
in the presence of ferrocene as internal standard (Scheme 6.9). Immediately the 
silica  took  a  dark  red  color,  indicative  for  activation  of  6.4  and  concomitant 
immobilization of 6.6.  
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Scheme 6.9 
 
The reaction was monitored by 
1H NMR spectroscopy for 6 hours. The results 
are reported in Table 6.2.  
It  can  be  observed  that  a  rapid  decrease  of the  concentration  of the catalyst 
precursor 6.4 in solution occurs within the first hour, accompanied by an equimolar 
consumption of BMT and release of free aniline into solution. Subsequently, a 
gradual disappearance of 6.4 and BMT occurred over a period of 6 hours, at which 
point  all  of  6.4  and  an  equimolar  amount  of  BMT  had  been  consumed  with 
concomitant release of one equivalent of aniline per Ti. 
 
Table 6.2 Immobilization of 6.4 on silica in the presence of BMT. 
t  BMT left 
 mol (%) 
6.4 in solution 
 mol (%) 
NMe2Ph in solution 
 mol (%) 
1h  2.4 (20%)  2.4 (20%)  5.6 (80%) 
1.5h  1.1 (15%)  1.1 (15%)  5.2 (75%) 
2h  0.91 (13%)  0.91 (13%)  6.1 (87%) 
4h  0.77 (11%)  0.77 (11%)  6.2 (89%) 
5h  0.35 (5%)  0.35 (5%)  6.6 (95%) 
6h  0 (0%)  0 (0%)  7 (100%) 
t=  contact  time  between  6.4  and  the  silica-supported  activator;  6.4=  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]Ti(CH3)2; 7  mol of 6.4 were used; 6.4 : B ratio 1:1; 6.4 : BMT 
ratio 1:1.  
 
To the NMR tube, one equivalent of [(n-C4H9)4N]Br was added, resulting in a 
discoloration  of  the  silica  to  orange  (Scheme  6.10). 
1H  NMR  spectroscopy 
indicated quantitative formation of the neutral species 6.7 (integrated against the 
ferrocene internal standard).  Immobilization of non-metallocene single-center catalysts 
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Scheme 6.10 
 
These  experiments  show  that  our  borate  supported  activator 
SiO2/TIBA/[Me2PhNH][HOC6H4B(C6F5)3] is suitable for the immobilization of the 
titanium catalyst precursor 6.4. Quantitative insertion of olefinic substrate BMT 
into the Ti-Me bond of the cation [Cp{(2,6-iPr2C6H3)2(CHN)2C=N}TiMe]
+ results 
in  the  generation  of  well-defined  supported  species  which,  at  slightly  elevated 
temperatures, should allow for further insertion of monomer (ethene) to initiate 
polymerization. Subsequent quantitative release of 6.7 into solution indicates that 
our quantification method (see previous Chapters) could be extended to this type of 
catalyst  and  applied  to  investigate  the  stability  and  the  concentration  of  the 
catalytically active species generated on the support vs. time. 
 
6.4   Conclusions 
 
The  silica-supported  borate  activator  4.3  appears  to  be  suitable  for  the 
immobilization  of  the  titanium  trimerization  catalyst  6.1  and  the  titanium 
polymerization catalyst 6.4 resulting in the quantitative formation of the desired 
supported  activated  species.  Based  on  NMR  studies  and  comparison  with 
analogous homogeneous systems, quantitative generation and immobilization of 
mono(cyclopentadienyl) titanium catalysts was determined by desorption of the 
corresponding  neutral  soluble  species  6.3  and  6.7  upon  treatment  with 
[(n-C4H9)4N]Br. This illustrates that our quantification procedure can be extended CHAPTER 6 
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to investigate the stability and the concentration of half-sandwich titanium catalyst 
species, thus demonstrating the versatility of our approach.  
 
6.5   Outlook 
 
Stabilization  of  cationic  transition  metal  alkyl  complexes  with  the  use  of  a 
functionalized olefinic substrate followed by fast desorption from the support of 
well-defined  organometallic  species  in  combination  with  ‘NMR  solution’ 
spectroscopic  techniques  allowed  us  to  investigate  the  behavior  of  a  range  of 
supported catalyst systems. The method described in this thesis, in combination 
with  quantified  silica-supported  ammonium  borate  activators  appear  to  be  a 
versatile  and  simple  approach  for  the  generation  of  well-defined  immobilized 
catalyst systems. Provided that (a) the right combination catalyst/trap can be found 
and (b) desorption of the activated species is fast and quantitative, this method 
should be easily applicable to study other supported catalyst systems. 
 
6.6   Experimental section 
 
General considerations. For the experiments described in this chapter, the same 
general  considerations  are  valid  as  described  for  the  previous  Chapters. 
Compounds (C5H4CMe2Ar)TiMe3 (6.1)
9, CpTiCl3
26 and CpTiMe3
27 were prepared 
according  to  published  procedures.  The  synthesis  of  1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene  (L1)  was  performed  by  Dr.  S.  Dorok 
according  to  literature  procedures.
23  p-Toluene  sulfonylazide  was  synthesized 
according  to  a  published  procedure.
28  Compound  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiMe2  (6.4)  was  kindly  provided  by  Dr.  S.  Dorok.
25 
Glyoxal  (AcrosOrganics,  40 wt.%  in  water),  2,6-diisopropylaniline 
(AcrosOrganics,  92%),  HCl  (Acros,  0.1N  solution),  potassium  tert-butoxide 
(AcrosOrganics,  1M  solution  THF),  sodium  azide  (AcrosOrganics,  99%), 
p-toluenesulfonyl chloride (AcrosOrganics, 99%) and LiAlH4 (Merck) were used 
as purchased.  
 
Generation  of  [{C5H4CMe2(3,5-Me2C6H3)}TiMe2][B(C6F5)4]  (6.2)  (NMR-tube 
experiment). 
In an NMR tube (C5H4CMe2Ar)TiMe3 (6.1, 0.02 mmol, 6.1 mg) was reacted with 
one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 0.02 mmol, 16 mg) in C6D5Br (0.5 
mL).  Immediately  a  red  solution  was  observed.  Compound  6.2  was  formed 
quantitatively. NMR data are in agreement with those reported by Deckers.
9 
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Reaction  of  [{C5H4CMe2(3,5-Me2C6H3)}TiMe2][B(C6F5)4]  (6.2)  with  NBu4Br 
(NMR-tube experiment). 
Freshly prepared 6.2, generated by reaction of 6.1 (0.02 mmol, 6.1 mg) with one 
equivalent of [Me2PhNH][B(C6F5)4] (4.1, 0.02 mmol, 16 mg) in C6D5Br (0.5 mL), 
was treated with one equivalent of NBu4Br (0.02 mmol, 6.4 mg). Instantaneous 
color change of the solution from red to dark yellow was observed. The neutral 
species C5H4CMe2(3,5-Me2C6H3)]TiBrMe2 (6.3) was formed quantitatively.  
1H NMR (400 MHz, C6D5Br, δ): 6.91 (s, o-H Ar, 2H), 6.68 (p-H Ar, 1H), 6.20 (s, 
Cp, 2H), 6.15 (s, Cp, 2H), 2.19 (s, Ar-Me, 6H), 1.49 (s, CMe2, 6H), 1.41 (s, Ti-Me, 
6H). 
13C{
1H}NMR (C6D5Br, 125.7 MHz, δ): 148.6 (ipso-C Cp), 137.3 (ipso-C Ar), 
128.9 (m-C Ar), 127.8 (o-H Ar), 123.9 (p-H Ar), 116.8 (CH Cp), 112.4 (CH Cp), 
74.4 (Ti-Me), 39.2 (CMe2), 29.1 (CMe2), 21.5 (ArMe). 
 
Immobilization of 6.1 on SiO2/TIBA/[HO(C6H4)B(C6F5)4][HNMe2Ph] (4.3) and 
subsequent reaction with NBu4Br (NMR-tube experiment).  
An  NMR  tube  was  charged  with  the  supported  borate  activator 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3]  (30 mg,  bearing  7  mol  of  borate). 
The  silica  support  was  contacted  with  a  C6D5Br  solution  of  C5H4CMe2(3,5-
Me2C6H3)]TiMe3 (6.1, 7  mol, 2.1 mg). Immediately the support took on a red 
color and gas evolution (methane) was observed (Table 6.1). After 4 hours all of 
6.1  disappeared  from  solution,  accompanied  by  release  of  one  equivalent  of 
NMe2Ph.  Subsequent  addition  of  NBu4Br  (7  mol,  2.3  mg)  resulted  in  the 
quantitative release in solution of the neutral species 6.3. For NMR data, see above.  
 
Synthesis  of  1-tosyl-3-(1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene)triazene (L2). 
To a THF solution (200 mL) of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 
(12.1  g,  32.3  mmol),  generated  in  situ  according  to  reference  23,  was  added 
p-toluene sulfonylazide (7.0 g, 35.5 mmol). The reaction mixture was stirred for 2 
hours at 50°C. The solvent was evaporated under reduced pressure. The product 
was dissolved in toluene and the solution was filtrated. Crystallization from hexane 
and  evaporation  of  the  solvent  in  vacuo  afforded  pure  1-tosyl-3-(1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene)triazene (L2) as a bright yellow solid. Yield: 
86% (27.8 mmol, 16.3 g).  
1H NMR (400 MHz, CDCl3, δ): 7.48 (t, JHH = 7.8 Hz, p-H Ar
i-Pr, 2H), 7.27 (d, 
JHH = 7.8 Hz, m-H Ar
i-Pr, 4H), 7.26 (H Ar, 2H overlapping with m-H Ar
i-Pr), 7.08 
(d, JHH = 8.4 Hz, H Ar, 2H), 6.82 (s, NCH, 2H), 2.61 (m, JHH = 6.9 Hz, CHCH3, 
4H), 2.33 (s, CH3 Ar, 3H), 1.21 (d, JHH = 6.9 Hz, CHCH3, 12H), 1.07 (d, JHH = 6.8 
Hz, CHCH3, 12H). 
13C{
1H} NMR (100 MHz, CDCl3, δ): 151.7 (NCN), 144.8 (CS), 
141.9 (ipso-C), 137.1 (C Ar), 130.1 (CH Ar
iPr), 128.7 (CH Ar), 127.9 (CH Ar), CHAPTER 6 
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124.2 (CH Ar
iPr), 119.7 (NCH), 29.0 (CHCH3), 23.8, 22.7 (CHCH3), 21.4 (CH3 
Ar). 
 
Synthesis of 1,3-[(2,6-iPr2C6H3)2(CHN)2C=NH] (L3). 
To a THF solution (50 mL) of 1-tosyl-3-(1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene)triazene (L2, 5.0 g, 8.5 mmol) cooled to 0°C was slowly added LiAlH4 
(0.50 g, 13.3 mmol). The reaction mixture was stirred for 1 hour at which point 
water (5 mL) was added. The suspension was dried over Na2SO4 and the solution 
was filtered. Solvent and volatiles were removed under reduced pressure and the 
solid  residue  was  redissolved  in  toluene.  A  precipitate  was  formed  which  was 
filtered and dried in vacuo to yield pure 1,3-[(2,6-iPr2C6H4)2(CHN)2C=NH] (L3) as 
a white solid. Yield: 77% (6.5 mmol, 2.6 g).  
1H NMR (400 MHz, C6D6, δ): 7.25 (t, JHH = 7.3 Hz, p-H Ar, 2H), 7.13 (d, JHH = 7.7 
Hz, m-H Ar, 4H), 5.72 (s, NCH, 2H), 2.99 (m, JHH = 6.8 Hz, CHCH3, 4H), 1.32 (d, 
JHH = 6.8  Hz,  CHCH3,  12H),  1.12  (d,  JHH = 6.9  Hz,  CHCH3,  12H).  The  NH 
resonance was not observed. 
13C{
1H} NMR (100 MHz, C6D6, δ): 147.1 (NCN), 
142.5 (ipso-C), 133.6 (C Ar), 130.0 (CH Ar), 124.2 (CH Ar), 114.7 (NCH), 29.0 
(CHCH3), 24.4, 23.9 (CHCH3). 
 
Synthesis of Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4). 
A double-Schlenk vessel was charged with a toluene solution (50 mL) of 1,3-[(2,6-
iPr2C6H3)2(CHN)2C=NH] (L3, 2.5 mmol, 1 g) and cooled to -50°C. One equivalent 
of CpTiMe3 (2.5 mmol, 0.395 g) was added to the toluene solution. The reaction 
mixture was warmed to room temperature and stirred for 15 minutes. The toluene 
and volatiles were removed under reduced pressure and the resulting residue was 
extracted with pentane (4 × 30 mL). Concentration of the pentane solution and cold 
crystallization at -30°C yielded pure 6.4 as yellow crystalline material. Yield: 89% 
(2.2 mmol, 1.2 g). 
1H NMR (400 MHz, C6D6, δ): 7.21 (t, JHH = 7.1 Hz, p-H Ar, 2H), 7.13 (d, JHH = 7.8 
Hz, m-H Ar, 4H), 5.89 (s, NCH, 2H), 5.72 (s, Cp, 5H), 3.16 (m, JHH = 6.9 Hz, 
CHCH3, 4H), 1.39 (d, JHH = 6.9 Hz, CHCH3, 12H), 1.15 (d, JHH = 6.9 Hz, CHCH3, 
12H), 0.19 (s, Ti-Me, 6H).
 13C{
1H} NMR (100 MHz, C6D6, δ): 147.3 (NCN), 141.1 
(ipso-C), 134.1 (C Ar), 130.1 (CH Ar), 124.1 (CH Ar), 114.7 (NCH), 110.8 (Cp), 
42.6 (TiMe), 29.0 (CHCH3), 24.4, 23.3 (CHCH3).  
1H  NMR  (400  MHz,  C6D5Br,  δ):  7.30  (t,  JHH = 7.6  Hz,  p-H  Ar,  2H),  7.20  (d, 
JHH = 7.7 Hz, m-H Ar, 4H), 6.26 (s, NCH, 2H), 5.63 (s, Cp, 5H), 3.1 (m, JHH = 6.8 
Hz,  CHCH3,  4H),  1.35  (d,  JHH = 6.8  Hz,  CHCH3,  12H),  1.18  (d,  JHH = 6.8  Hz, 
CHCH3, 12H), -0.02 (s, TiCH3, 6H). 
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Reaction  of  Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2  (6.4)  with 
[Me2PhNH][B(C6F5)4] (4.1) (NMR-tube experiment). 
In an NMR tube a C6D5Br solution of 6.4 (0.01 mmol, 5.3 mg) was reacted with 
one equivalent of [Me2PhNH][B(C6F5)4] (4.1, 0.01 mmol, 8.0 mg), resulting in a 
red  solution.  Immediately  gas  evolution  (methane)  was  observed.  NMR 
spectroscopy  indicated  clean  formation  of  the  ionic  compound  [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}TiMe(NMe2Ph)][B(C6F5)4] (6.5).  
1H  NMR  (400  MHz,  C6D5Br,  δ):  7.32  (t,  JHH = 7.8  Hz,  p-H  Ar,  2H),  7.19  (d, 
JHH = 7.7 Hz, m-H Ar, 2H), 7.15 (d, JHH = 7.8 Hz, m-H Ar, 2H), 6.39 (s, NCH, 2H), 
5.10  (s,  Cp,  5H),  2.88  (m,  JHH = 6.8  Hz,  CHCH3,  2H),  2.73  (m,  JHH = 6.8  Hz, 
CHCH3, 2H), 2.09 and 1.99 (s, NMe2Ph, 3H each), 1.31 (d, JHH= 6.7 Hz, CHCH3, 
6H), 1.19 (d, JHH = 6.7 Hz, CHCH3, 6H), 1.10 (d, JHH = 7.1 Hz, CHCH3, 6H), 1.05 
(d, JHH = 7.0 Hz, CHCH3, 6H), 0.83 (s, TiCH3, 3H).  
 
Reaction  of  Cp[(2,6-iPr2C6H3)2(CHN)2C=N]TiMe2  (6.4)  with 
[HNMe2Ph][B(C6F5)4] (4.1) in the presence of BMT (NMR-tube experiment). 
In an NMR tube [HNMe2Ph][B(C6F5)4] (4.1, 0.03 mmol, 24 mg) was reacted with a 
C6D5Br solution of 3-butenyl methyl thioether (0.03 mmol, 3.8  L) and 6.4 (0.03 
mmol,  16  mg).  Compound  [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}Ti(CH2CH(Me)CH2CH2SMe)][B(C6F5)4] (6.6) was formed 
quantitatively.  
1H NMR (400 MHz, C6D5Br, δ): 7.35 (t, JHH = 7.8 Hz, p-H Ar, 2H), 7.17 (m, H Ar, 
4H, overlapping with NMe2Ph), 6.40 (s, NCH, 2H), 5.53 (s, Cp, 5H), 2.69 (m, 
CHCH3, 2H), 2.65 (m, CHCH3, 2H), 2.31 (m, CHCH3, 1H), 2.29 (m, SCHH, 1H), 
2.04  (d,  JHH = 13.6  Hz,  SCHH,  1H),  1.96  (t,  JHH = 11.8  Hz,  TiCHH,  1H),  1.48 
(SCH2CHH,  1H,  overlapping  with  isopropyl  signals),  1.20  (d,  JHH = 6.8  Hz, 
CHCH3, 6H), 1.12 (d, JHH = 6.7 Hz, CHCH3, 6H), 1.08 (d, JHH = 6.6 Hz, CHCH3, 
6H), 0.97 (d, JHH = 6.8 Hz, CHCH3, 6H), 0.23 (q, JHH = 6.8 Hz, SCH2CHH, 1H), 
-1.1 (d, JHH = 13.6 Hz, TiCHH, 1H). 
13C{
1H}NMR (C6D5Br, 125.7 MHz, δ): 145.9 
(Ar), 130.4 (Ar), 128.9 (Ar), 124.7 (Ar), 124.4 (Ar), 124.3 (Ar), 116.1 (CH Cp), 
113.9 (NCH), 102.4 (TiCH2), 41.8 (SCH2CH2), 37.1 (CHCH3), 32.0 (SCH2), 28.8 
(CHCH3 isopropyl), 28.6 (CHCH3 isopropyl), 25.9 (CHCH3), 24.5, 24.2, 22.5, 21.7 
(CHCH3 isopropyl), 17.9 (SCH3). The NCN resonance was not detected.  
 
Reaction of 6.6 with NBu4Br (NMR-tube experiment). 
In  an  NMR  tube,  freshly  prepared  [Cp{(2,6-
iPr2C6H3)2(CHN)2C=N}Ti(CH2CH(Me)CH2CH2SMe)][B(C6F5)4]  (6.6)  (0.03 
mmol) in C6D5Br was contacted with one equivalent of NBu4Br (0.03 mmol, 9.7 
mg).  Immediately  the  solution  turned  orange  and  the  neutral  species  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]Ti(CH2CH(Me)CH2CH2SMe)Br  (6.7)  was  formed 
quantitatively.  CHAPTER 6 
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1H NMR (400 MHz, C6D5Br, δ): 7.32 (t, JHH = 7.7 Hz, p-H Ar, 2H), 7.19 (m, m-H 
Ar, 4H, overlapping with NMe2Ph peak), 6.30 (s, NCH, 2H), 5.71 (s, Cp, 5H), 3.10 
(m, CHCH3 isopropyl, 2H), 3.05 (m, CHCH3 isopropyl, 2H), 2.36 (t, JHH = 7.1 Hz, 
SCHH, 1H), 2.28 (m, CHCH3, 1H), 2.21 (t, JHH = 6.7 Hz, SCHH, 1H), 2.00 (s, 
SCH3, 3H), 1.82, 1.76, 1.50, 1.42 (d, CHCH3 isopropyl, each 6H, overlapping with 
NBu4  peaks),  1.10  (SCH2CHH,  1H,  overlapping  with  isopropyl  peaks),  1.00 
(CHCH3, 3H, overlapping with NBu4 peaks), 0.95 (SCH2CHH, 1H, overlapping 
with isopropyl peaks), 0.76 (d, JHH = 6.6 Hz, TiCHH, 1H), 0.62 (d, JHH = 6.5 Hz, 
TiCHH, 1H). 
13C{
1H}NMR (C6D5Br, 125.7 MHz, δ): 160.0 (NCN), 146.6 (Ar), 
132.9 (Ar), 130.1 (Ar), 128.9 (Ar), 124.0 (Ar), 123.8 (Ar), 116.4 (CH Cp), 111.7 
(NCH), 79.6 (TiCH2), 41.0 (SCH2CH2), 36.5 (CHCH3), 33.5 (SCH2), 28.7, 28.6 
(CH isopropyl), 24.6, 24.3, 23.2, 23.0 (CHCH3 isopropyl), 23.1 (CHCH3), 15.4 
(SCH3). 
 
Immobilization of 6.4 on SiO2/TIBA/[HO(C6H4)B(C6F5)4][HNMe2Ph] (4.3) in 
the  presence  of  BMT  and  subsequent  release  of  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]Ti(CH2CH(Me)CH2CH2SMe)Br (6.7) into solution. 
An  NMR  tube  was  charged  with  the  supported  borate  activator 
SiO2/TIBA/[Me2PhNH][p-HOC6H4B(C6F5)3]  (4.3,  30 mg,  bearing  7  mol  of 
borate).  The  silica  support  was  contacted  with  a  C6D5Br  solution  of  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiMe2 (6.4, 7  mol, 2.8 mg) and 3-butenyl methyl thioether 
(7  mol, 3.5  L) in the presence of Cp2Fe (21  mol, 3.9 mg) as internal standard. 
Immediately the silica took on a red color. After 6 hours all of 6.4 had disappeared 
from solution and all BMT had been consumed (Table 6.2). Subsequent addition of 
NBu4Br (7  mol, 2.3 mg) resulted in the quantitative release of 6.7 into solution. 
For NMR data see above.  
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Samenwatting 
Polyolefinen, zoals polyethyleen en polypropyleen en hun co-polymeren vormen 
de  grootste  familie  van  synthetische  polymeren  vanwege  hun  uitstekende 
eigenschappen en lage productiekosten. De meerderheid van polyolefine productie 
is  gebaseerd  op  slurry-  of  gasfaseprocessen,  die  doorgaans  de  traditionele 
heterogene  Ziegler-Natta  of  Phillips  katalysatoren  gebruiken.  Deze  processen 
bouwen op vaste katalysator deeltjes die morfologisch uniforme deeltjes polymeer 
vormen en daardoor goede reactor interoperabiliteit bieden. 
De ontwikkeling van één-centrum olefinepolymerisatiekatalysatoren begon toen 
Cp2ZrCl2  werd  gecombineerd  met  een  alkylaluminiumverbinding  tot  een 
katalysator  die  ethyleen  polymeriseert.  Echter,  deze  systemen  waren  van  geen 
commercieel  belang  vanwege  hun  lage  activiteit  en  de  neiging  te  ontleden  tot 
inactieve soorten. De grote doorbraak kwam in de jaren 1980 met de ontdekking 
van Sinn en Kaminsky dat sporen van water de productiviteit van zulke homogene 
systemen  aanzienlijk  kan  verbeteren  als  gevolg  van  de  vorming  van 
methylalumoxane (MAO). Sindsdien zijn groep IV metallocenen het onderwerp 
geweest  van  intensief  onderzoek  in  zowel  universiteit  als  industrie,  wat  heeft 
geresulteerd  in  de  ontwikkeling  van  een  brede  reeks  van  nieuwe  complexen. 
Vergeleken  met  conventionele  heterogene  systemen  zijn  metallocenen  goed 
gedefinieerde,  één-centrum  katalysatoren  die  een  zeer  uniform  hars  kunnen 
produceren met een smalle molecuulgewichtsverdeling en waarvan de polymeer 
microstructuur  gecontroleerd  kan  worden.  Niettemin  moeten  voor  bestaande 
industriële  slurry-  en  gasfaseprocessen,  homogene  katalysatoren  worden 
geïmmobiliseerd op een vaste drager. 
De belangrijkste doelstelling van het heterogenizatie proces is het combineren 
van  de  voordelen  van  homogene  katalysatoren  (één-centrum,  hoge  activiteit, 
polymeer microstructuur controle) met de eigenschappen van katalysator drager 
technologieën  (goede  morfologie,  hoge  dichtheid,  verwaarloosbare  reactor 
vervuiling). 
De  meest  gebruikte  methode  om  één-centrum  katalysatoren  te  immobiliseren 
bestaat uit adsorptie van MAO op een silica-ondersteuning, gevolgd door reactie 
met een geschikte prekatalysator. Ondanks het succes van MAO in het genereren 
van zeer actieve polymerisatiekatalysatoren zijn grote nadelen (a) de hoge MAO : 
prekatalysator  verhoudingen  om  een  aanvaardbare  polymerisatieactiviteit  te 
bereiken  (b)  de  slecht  gedefinieerde  structuur  van  MAO,  die  gedetailleerde 
karakterisering van de actieve soorten niet onmogelijk maakt. De ontdekking van 
fluoroaryl boor-gebaseerde activatoren heeft geleid tot katalysatoren die niet alleen 
volledig te karakteriseren zijn, maar ook activiteiten vertonen die vergelijkbaar zijn  
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met die van MAO ondanks dat er slechts een stoechiometrische hoeveelheid van de 
co-katalysator  nodig  is.  Op  zoek  naar  alternatieven  voor  vastedrager  systemen 
gecombineerd  met  MAO,  zijn  er  nieuwe  geïmmobiliseerde  katalysatoren 
ontwikkeld  door  boraat  activatoren  op een  gemodificeerde silica te binden.  Dit 
betekent  een  schoon  immobilisatie  proces,  omdat  alleen  gasvormige  producten 
worden  gevormd.  Ook  zou  karakterisering  van  de  actieve  soorten  makkelijker 
moeten gaan ten opzichte van MAO-gebaseerde systemen. Hoewel verschillende 
katalysatoren  zijn  ontwikkeld,  is  weinig  informatie  beschikbaar  over  de  aard, 
stabiliteit  en reactiviteit  van  verbindingen  die  zijn gegenereerd  op  dragers.  Het 
werk beschreven in dit proefschrift is gericht op de ontwikkeling van een methode 
om  één-centrum  olefinepolymerisatiekatalysatoren  op  een  drager  te  kunnen 
kwantificeren en hun stabiliteit te onderzoeken met behulp van standaard-NMR-
spectroscopie  technieken.  Om  het  effect  van  het  immobilisatieproces  op  de 
vorming van de actieve plaatsen beter te kunnen bekijken, is een generatie van 
goed gedefinieerde dragers van groot belang. 
In  Hoofdstuk  2  wordt  de  reactiviteit  van  boorgebaseerde  perfluoroaryl 
activatoren  richting  trialkylaluminium  verbindingen  gepresenteerd.  Makkelijke 
afbraak  van  geperfluoreerde  boraten  [Et3NH][B(C6F5)4]  en 
[Et3NH][p-HOC6H4B(C6F5)3] in de aanwezigheid van trimethyl aluminium (TMA) 
gebeurt via een opeenvolging van ligandredistributie processen tussen de B-en Al-
centra,  wat  resulteert  in  de  vorming  van  mengsels van  alanen en  boranen.  Als 
triisobutylaluminium  (TIBA)  wordt  gebruikt  als  zuiveringsagent  voor  het  silica 
oppervlak,  is  selectieve  reactie  met  de  fenolische  functionaliteit  waargenomen, 
terwijl  de  reactiviteit  van  de  NH-groep  alleen  toeneemt  bij  verhoogde 
temperaturen. Op basis van deze waarnemingen is een goed gedefinieerde silica 
drager  met  een  specifieke  dekking  van  Al-isobutyl  functionaliteiten  en 
trialkylaluminium  zouten  van  geperfluoreerde  boraten  gesynthetiseerd  die 
voldoende stabiliteit heeft om te worden gebruikt bij normale temperaturen voor 
olefinepolymerisatiekatalysatoren op een drager. 
Hoofdstuk  3  beschrijft  een  nieuwe  procedure  om  het  effect  van  het 
immobilisatieproces  op  de  aard  en  stabiliteit  van  kationische  zirconocene 
katalysatoren te onderzoeken met behulp van Cp
*
2ZrMe2 als model prekatalysator 
in  combinatie  met  standaard-NMR-spectroscopie  technieken.  Deze  procedure  is 
gebaseerd  op  het  gebruik  van  de  olefinische  afvang  agent  AMT  (allylmethyl 
thioether)  die  de  katalytisch  actieve  soorten  [Cp
*
2ZrMe]
+  opvangt  via 
intramoleculaire  insertie  van  de  thioether  functionaliteit.  Dit  resulteert  in  de 
kwantitatieve  vorming  van  de  vijf-ledige  chelaat 
[Cp
*
2Zr(CH2CH(CH3)CH2SCH3)]
+.  NMR  karakterisering  van  de  drager  species 
wordt  vergemakkelijkt  door  een  snelle  en  kwantitatieve  desorptie  van  de  Zr 
geactiveerd species door toevoeging van het nucleofiel [(n-C4H9)4N]Br.  
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Schema 1 
 
In Hoofdstuk 4 wordt de stabiliteit en reactiviteit van het zirconocene kation 
[Cp
*
2ZrMe]
+ onderzocht. Dit lijkt strikt te moeten worden gerelateerd aan de aard 
van de ammonium-activator ([HNMe2Ph]
+, [Et3NH]
+) en het oplosmiddel (C6D6, 
C6D5Br,  THF).  Overwegende  dat  de  kationogene  species  [Cp
*
2ZrMe]
+  wordt 
gestabiliseerd door Lewis-base coördinatie, ontleedt deze verbinding snel in zwak 
coördinerende  en  niet-coördinerende  oplosmiddelen  via  C-H  binding  activering 
processen  naar  verbindingen  die  inactief  zijn  voor  insertie  van  het  olefinische 
substraat (AMT). 
 
Cp2
*ZrMe2 Cp*
2Zr
Br B(C6F5)4
d4
B(C6F5)4
Zr N
B(C6F5)4 Zr
[HNMe2Ph][B(C6F5)4]
C6D6
[Et3NH][B(C6F5)4]
C6D6
[R2'RNH][B(C6F5)4]
C6D6 or C6D5Br
 
Schema 2  
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Zoals degradatie processen voorkomen kunnen worden door stabilisatie van het 
“naakte kation” met AMT, geeft toevoeging van olefinisch substraat, gevolgd door 
een reactie met een nucleofiel op verschillende tijdstippen, ons de mogelijkheid om 
de tijdsafhankelijkheid van de transformaties van de katalysator op de drager te 
kwantificeren . 
Hoewel de geactiveerde katalysator [Cp
*
2ZrMe]
+ kan worden gestabiliseerd door 
intramoleculaire  coördinatie  van  de  thio-groep,  is  de  daaruit  voortvloeiende 
5-ledige chelaat onvoldoende reactief met etheen.  
In Hoofdstuk 5 wordt een alternatieve katalysator/substraat combinatie, die een 
goed compromis biedt tussen reactiviteit onder reactor voorwaarden en thermische 
stabiliteit, onderzocht. De sterkte van de intramoleculaire interactie is verzwakt 
door het verhogen van de lengte van het tussenstuk tussen de olefinische en Lewis 
base groepen. Zo leidt het gebruik van 3-butenyl thioether (BMT) tot de vorming 
van  een  6-ledig  chelaat  [Cp
*
2Zr(CH2CHMe(CH2)2SMe]
+  dat  gemakkelijk  kan 
worden  geopend  door  ethyleen  op  iets  hogere  temperaturen  (80°C).  Dit  is 
aangetoond  met  ethyleen  homopolymerisatie  resultaten.  De  veelzijdigheid  van 
onze methode wordt geïllustreerd door de uitbreiding van onze studies met de meer 
commercieel  relevante  C2  symmetrische  ansa-zirconocene  [Me2Si(2-Me-4-
PhInd)2]ZrMe2.  Hoewel  intramoleculaire  coördinatie  van  de  thioether 
functionaliteit  kwantitatief  is,  lijkt  het  ansa-zirconocene  kation  stabiel  te  zijn 
wanneer zij wordt gegenereerd in de afwezigheid van olefinische substraat. Een 
beschermend middel als BMT lijkt hierdoor niet noodzakelijk. 
Hoofdstuk  6  breidt  onze  aanpak  verder  uit  naar  halve  sandwich  titanium 
complexen  [C5H4CMe2(3,5-Me2C6H3)]TiMe3  en  Cp[(2,6-
iPr2C6H3)2(CHN)2C=N]TiMe2.  De  silica  gedragen  boraat  activator 
SiO2/TIBA/[HNMe2Ph][HOC6H4B(C6F5)3] is ook geschikt voor de immobilisatie 
van titanium katalysator precursoren. Dit resulteert in de kwantitatieve vorming 
van overeenkomstige geactiveerde soorten, zoals bepaald met behulp van NMR 
spectroscopie. 
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